Particle and energy fluxes in weakly ionized gases by Fohl, Timothy
PARTICLE AND ENERGY FLUXES
IN WEAKLY IONIZED GASES
by
Timothy Fohl
A.B., Dartmouth College
(1956)
M.S., Massachusetts Institute of Technology
(1959)
SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
MIT
February, 1963
Signature of Author
Department of Geology Snd Geophysics, February , 1963
Certified by
Thesis Supervisor
Accepted by Chairman, Departmental Coo ittee on Graduate Student
Chairman, Departmental Committee on Graduate Students
ABSTRACT
PARTICLE AND ENERGY FLUXES IN WEAKLY IONIZED GASES
by
Timothy Fohl
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the degree of Doctor of Philosophy
A plasma is generated by means of a d.c. discharge at the center of a
spherical tube filled with a mixture of helium and mercury vapor.
Ions, electrons, radiation, and thermal energy are transported from
the center to the walls. These processes are investigated exper-
imentally and the results compared to predictions based on conventional
theories. Ambipolar diffusion theory agrees well with the observed
particle fluxes. A simplified theory of diffusion and quenching of
resonance radiation fits the measured radiation densities. However,
thermal conduction cannot explain the estimated heat transfer to the
electrons of the outer regions. The extra energy input is believed
to be associated with an observed group of suprathermal electrons.
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I. INTRODUCTION
It has been observed that the non-ionized states of matter are the
exceptions in the universe. The outer reaches of the planetary atmospheres,
the stars, and the intervening space are composed of ionized atoms and
electrons. It is therefore vital to the study of these regions that plasma
processes be well understood.
But plasma mechanisms are often extremely complex and vary widely
in importance with changing conditions. In particular, the common
laboratory plasma, weakly ionized and maintained by external electric
fields, has little in common with conditions found in nature. For this
reason most work in this field has been of an observational and theo-
retical nature.
Nevertheless experiments in the laboratory are desirable. Often
the only way to understand a phenomenon is to create it under control-
lable conditions. Many parameters can be measured which will provide
the key for theoretical understanding of observed processes. Close
observation in a flexible, controlled environment may unearth unsuspected,
new phenomena.
Because plasma phenomena cover many realms, each of which has its
own set of dominant laws, it is dangerous to try to duplicate a complex
set of conditions that vary widely from currently understood conditions.
For this reason it is felt that the problem of doing meaningful ex-
periments in plasmas that approximate conditions found in nature is
best approached by patiently extending our knowledge from a well under-
stood base. In this way the many unexpected discoveries and difficulties
will come to light in relatively familiar environs, and gradually, rather
than as a perplexing whole.
Perhaps the most widely studied plasma of all is that created by
passing a low frequency or direct current through a gas mixture composed
of mercury vapor and a rare gas. Because of its wide commercial appli-
cation and certain characteristics which make it convenient to handle,
the parameters and processes involved in this plasma have been widely
studied both theoretically and experimentally. This makes it an ideal
starting point for extension toward novel conditions. The subject of
this thesis is the examination of such a plasma under one set of new
conditions.
Certainly the most obvious difference between laboratory experi-
ments and conditions pertaining to plasmas in nature is the absence of
walls in nature. Walls near a plasma strongly affect its characteristics,
yet they are invariably present in the laboratory. Of the first
questions that might be asked are, what sort of plasma results when it
is created in free space, and what laws govern its behavior. Until
these questions are answered no experiment which tries to duplicate
a wall-free environment is feasible.
In this experiment a plasma is created by operating a d.c.
electrical discharge at the center of a large, spherical tube containing
a mixture of helium and mercury vapor. This arrangement provides an
approximate point source of plasma which diffuses radially to the walls.
Under the conditions of the experiment such an environment allows the
transport of plasma and energy to be studied in a region relatively
isolated from the regions of production.
This circumstance is suited to the investigation of ion and electron
diffusion and recombination loss under totally different conditions than
are found in most experiments. In small apparatus diffusion is generally
through a volume in which ion production is very much present. Not only
is the problem complicated by this, but the loss of ions by recombination
is masked. For this reason most workers resort to study of the rate of
particle loss in plasmas decaying in time for information on recombination.
Since the source of electrical power is at the center as well, energy
transport processes are required to carry it to the outer volume of the
plasma. Very little experimental work has been applied to this problem
because plasmas in small containers are usually isothermic.
Photons are generally created when a plasma is produced, and they
sometimes play important roles in energy transfer and in exciting atoms.
These photons also diffuse from the center to the walls. Although this
experiment is not ideal for studying radiation diffusion, some information
may be gleaned and the importance of the photon flux to the plasma conditions
estimated.
To accomplish these ends a variety of measurements must be performed.
The temperature and density of the electrons must be determined at all
points of the tube. The photon density and flux should be estimated,
and the electric field measured.for the regions of interest. Fortunately
the spherical symmetry of the experiment indicates that such parameters
are functions of radius only. Before discussing the techniques of
measuring these parameters a more detailed description of the actual
form of the discharge is offered.
Unlike some experiments in a smaller (seven inch) sphere undertaken
by Hoyaux7 this plasma is thought to be generated in a small central
volume and to diffuse outward without influence of any external electric
fields. In his experiments the electric field of the electrodes spread
over the volume of the sphere and ionization, power input, etc., over
this volume was the result. In this experiment the electric field is
concentrated about the cathode.and nearly all the plasma generating
processes occur in a small region centered at it. The justification of
this last statement lies in the understanding of the cathode region of
a discharge. It is difficult to give more than a qualitative discussion
of the processes involved, but that is sufficient for our needs.
The hot cathode is a source of electrons. When the tube is drawing
current these electrons are accelerated over a short distance from the
cathode by a rather strong electric field. They quickly acquire enough
energy to excite and ionize the mercury atoms, but not the helium atoms,
which have a very high excitation potential. The ionization of the
mercury atoms creates a positive ion concentration which neutralizes
the space charge of the electrons. Because of the neutralization of
space charge, the electric field is vastly reduced and the electrons
are no longer accelerated.
Thus we have two regions. The first is one of high electric field
near the cathode with a beam-like flux of electrons leaving the cathode
in all directions. The second surrounds the first and consists of ions,
excited atoms, and electrons of high density, Some of the electrons have
lost most of their energy by exciting and ionizing the atoms, others have
most of the energy acquired in the strong field because they have suffered
only elastic collisions with atoms. These collisions randomize the
velocity directions, but only gradually reduce the electron energy. In
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this geometry this creates a spherical region of high electron and ion
density which glows because the high energy electrons are exciting mercury
atoms.
If the anode of the discharge is in or near this glowing region,
it can draw enough current to maintain the discharge without accelerating
the electrons appreciably. This is due to the high ion and electron
density in the glow. If the cathode and anode are separated, the electron
and ion density, maintained by diffusion, is no longer sufficient, and an
electric field develops. This accelerates the electrons to the point
where ionization replenishes the supply and a second glowing region
appears. This process has been often discussed, and a good review of
the subject is found in an article by Druyvesteyn and Penning. The
first glowing region is called the cathode glow, the second the positive
column, and the dark space between is called the Faraday dark space.
Under the conditions found in our tube the positive column never develops,
and the entire voltage drop is essentially over the sheath or accelerating
region around the cathode. Hence the cathode may be considered a point
source of electrons, ions, and radiation which can escape to the walls of
the tube.
In support of this assertion are visual and probe observations.
Since the visible glow of the plasma is proportional to the energy and
density of the electrons, the fact that it is roughly spherical about the
cathode is immediate evidence that a spherical symmetry exists. Inter-
pretation of probe curves to find absolute electron densities and energies
is difficult near the cathode because of the presence of many non-thermal
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electrons. However, by suitable movement of the cathode, anode, and
probes, probe curves are obtainable in various positions relative to the
cathode. These show that the electron energy and density and the plasma
potential are dependent only on the distance from the cathode. The only
observed lack of symmetry is very near the cathode supports where the
electron density is depressed by recombination on the supports. By
measuring the potential difference between the two probes when they are
equal distances from the cathode an estimate of the axial electric field
can be made. This field is of the order of one volt/m or less.
II. DESCRIPTION OF EXPERIMENT
This section describes the details of the apparatus, the conditions
under which the measurements were taken, and the means by which they were
made.
The Discharge Tube
The tube in which the plasma is generated is shown in the photo-
graphs, Figures 1 and 2, and the diagram, Figure 3. It is constructed of
Pyrex with the tubular arms serving as channels for the movement of the
electrodes and probes. Both electrodes and probes are moved in their
channels by means of a magnet acting on their iron slugs.
The cathode consists of two fluorescent-lamp type cathode coils
made of triply-coiled tungsten wire coated with barium oxide to enhance
electron emission. They are mounted in parallel and heated by current
carried by twin leads of coiled copper braid. The braids are wound about
two insulated rods which support them until they reach the press leads
that pass through the glass. The coils and coating were furnished along
with much good advice by the Sylvania Electric Company of Salem, Mass.
A mica plate is fastened to one of the cathode support rods with a
tab of barium metal facing it. The tab. may be heated by means of radio
frequency coil so that the barium is evaporated onto the tab. The barium acts
as a getter in the immediate region of the cathode, which is the largest
source of impurities in the tube.
The anode is a graphite sphere mounted on a stainless steel rod.
The rod is screwed into the iron slug in the anode channel, and is shielded
by a Pyrex tube over its entire length. The anode current is carried by
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a flexible coil of copper wire to the press at the end of the anode
channel.
The probes are shown in the diagram, Figure 4. They are mounted
on shielded rods of tungsten which are attached to the iron slugs by
a Kovar joint. The probe current is Carried to the press by a loose
coil, as is the anode current. The probes are of tungsten foil welded
to tungsten wire. The fine wire that connects the probes to the rod
does not touch the glass shield until it is well inside. This avoids the
possibility that a metallic mercury coating on the shield may increase
the probe arca by an unknown amount. The length of fine wire between
the shield and the probe face is determined by a compromise between
maximizing the distance and keeping the wire area less than the plane
probe face. A band of phosphor is deposited on the end of the glass
shield of one probe for measuring the intensity of ultraviolet radiation.
A second band of phosphor further down the shield is covered by Vycor
o
tubing which transmits only 2537 A light. The other probe has a tiny
phosphor tip on a glass bead about .05 cm. in diameter mounted on a wire.
The bead is about 2 cm. from the main probe structure.
The sphere is connected to the vacuum system by 12 mm. Pyrex tubing.
As can be seen in Figure 1, this tubing is connected to a bakeable valve
produced by John Keefe in the Research Laboratory of Electronics machine
shop. Between the sphere and the bakeable valve are connected an ion
gauge and the tubing that leads to the liquid mercury trap. Just beyond
the bakeable valve, below the table, is a liquid nitrogen cold trap
through which all gas entering or leaving the system must pass.
6 5 4
2 " ---- 12"
Probe Nearer Cathode
Probe Nearer Anode
1) Probe face (.049" diameter)
2) Probe support wire (.00o"
diameter, .15" long)
3) Phosphor band
4) Shielded phosphor band
(.20" long)
5) Vycor shield for phosphor
6)
7)
8)
9)
10)
11)
Probe support shield
Probe channel (2 cm.
diameter)
Kovar joint
Probe slug
Phosphor coated bead
Probe face (.042" diameter)
Figure 4. Diagram of Probes
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The system is evacuated by means of a mechanical roughing pump and
a three stage oil diffusion pump. Pumping and the admission of gas are
controlled by greased glass stopcocks. The entire system is glass except
for the roughing pump.
All the components above the table may be baked to 4000 C. by the
oven shown in Figure 2. It is raised and lowered by pneumatic pistons.
Pressure in the system is measured by an Autovac gauge below the
table which has a range of one micron to ten mm. of mercury. Above the
table is an ion gauge which has a range of 10 mm. to 10 7 mm. of mercury.
In preparing the tube for operation the following procedure is
observed.
1) The tube is pumped until a pressure of about 10" mm. is achieved.
2) The tube is heated by the oven to about 4000 C. to drive off
impurities adsorbed on the walls.
3) The cathode is heated to break down the carbonates deposited
on the coils to oxide and drive off the vapors evolved.
4) The tube is pumped while being baked until a pressure of 10"
mm. or less may be maintained for a day without pumping.
5) The tube is cooled and the barium getter is evaporated onto
the mica plate and a portion of the walls.
6) The mercury which had been held in the trap by cooling is
driven into the tube by heating.
7) The desired pressure of rare gas is admitted through a manifold
and the liquid nitrogen trap.
8) The bakeable valve is sealed.
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With the barium getter present and the bakeable valve sealed, it is
found that a pressure of about 106 mm. of mercury can be maintained
while the cathode is at normal operating temperature. The mercury is
triple distilled. The rare gas is taken from tanks and has a nominal
purity of one part in 100,000. Since the impurity level inside the
sealed tube is determined by an equilibrium between the impurity release
rate of the cathode and the removal rate of the getter, the resultant
gas purity is essentially independent of the purity of the admitted gas.
The pressure of the admitted gas is in the range of one mm. of
mercury and is measured by the Autovac gauge. Using a McLeod gauge as
a comparison, the maximum probable error of the Autovac gauge is estimated
to be 20%.
Probe Measurement Technique
The properties of the electron cloud are determined by the well-
known technique of the Langmuir probe. The probe construction has been
described above, and this discussion is confined to the theory and use
of probes in this experiment. Basically a probe is a small electrode
inserted into the plasma body. By measuring the current drawn by the
probe as a function of voltage difference between the probe and some
other fixed electrode in the plasma, an estimate of the electron energy
distribution, density, and the potential of the region of the probe may
be made.
The theory of probes in this sort of plasma has been discussed by
many authors. Only a brief summary of the ideas necessary for under-
standing these measurements is presented here. A good review of the
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subject is in Loeb's Basic Processes of Gaseous Electronics, Chapter IV. 1 3
Traditionally, assumptions are made which assure that the probe
does not disturb the conditions that it is trying to measure. These are
discussed in some detail below, where the various sources of error are
analyzed. For the theoretical discussion it suffices that the negative
charge carriers be considered electrons and the positive carriers, atomic
ions, Their numbers are to be equal.
The simplest situation to consider, and that which corresponds to
the conditions under which these measurements are made, is that of a
plane surface immersed in a cloud of electrons, ions, and neutral atoms.
All strike the surface, but of course only the ions and electrons produce
any electrical manifestations. Under the conditions of interest the electrons
have considerably more energy than the ions. Therefore, if the probe is
maintained at a potential equal to that of the surrounding plasma, many
more electrons than ions will strike it, and a negative current will be
observed. If the probe is electrically isolated, it will quickly become
negatively charged to the point where the positive ion current equals the
negative electron current. The potential of the probe under the condition
of zero net current is called the floating potential, and is a function
of the electron energy. When the potential of the probe is forced to be
more negative than the floating potential, the electron current soon
vanishes, leaving only the saturation ion current. When the probe is made
more positive than the plasma potential, the ion current vanishes leaving
only the saturation electron current. The saturation currents depend on
the mass of the particles, their energy, and other factors which make the
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electron saturation current hundreds of times greater than the ion current.
Between zero current and saturation current the electron current is a
function of the electron velocity distribution. This is the region of
most interest here and is described below.
The simplest case is that in which the electrons all have the same
energy. It is simple to show that the electron current per unit area,
Je, to a probe at plasma potential is
Je = NeWo (1)
Ne is the electron density, and Wo is the original speed of the
electrons. If a retarding potential is applied to the probe, the speed
and number of the electrons reaching it is reduced and the observed
current is reduced.
Let Wp be the velocity perpendicular to the probe face, Vp be
the negative probe potential, Ve be the electron energy in volts, Me
be the electron mass, and e be the electron charge. Then
Wp = WoSine (2)
where 9 is the angle between Wo and the surface of the probe.
1
Wo (3)
Only electrons for which
Wcan reach the probe. (4)Therefore only electrons will reach the probe
can reach the probe. Therefore only electrons will reach the probe
whose velocity vectors obey -ie relation
Sing p (5)
(re
To find the electron current density it is then necessary to integrate
over all directions from which electrons can reach the probe. Assuming
the velocities are isotropic,
Sing = 1
NeWo
Je = -- Cos9 Sin@ (6)2  V
Sing = -P
and
NeW V N 2eV VpJe --- 1 -  = . 1 --- (7)SV e  4 Me/ 
e
It is seen that the electron current decreases linearly to zero when the
probe potential is lowered to the point where the retarding potential is
equal to the energy of the electrons.
A more usual situation is the case where the electrons have a
Maxwellian energy distribution. By similar arguments, but with the
Maxwellian distribution of velocities taken into account, the electron
current density to the probe is
(2KT )KTe
Te  s the electron equva nt temperature. K is the Boltzmann (8)
Te is the electron equivalent temperature. K is the Boltzmann constant.
An idealized graph of electron current as a function of voltage,
taking the plasma potential as zero, is shown in Figure 5. This plot
shows the characteristics of a thermal or Maxwellian energy distribution
with two groups of high energy electrons superimposed. To illustrate
how the desired information is obtained, it is analyzed by the methods
used in this work. The thermal region is analyzed by a method originally
described by Langmuir and Mott-Smith. 1 2 The non-thermal region has been
discussed by several authors, but the most convenient method is due to
Medicus.l1
It is convenient first to analyze the curve as if it represented
a thermal energy distribution. This is done by plotting the net electron
current on the logarithmic scale of semi-log paper against voltage on
the linear scale. This yields the curve shown in Figure 6., Equation 8
shows that there is a linear dependence expected between the logarithm
of the current and the voltage over a certain range of voltage. That is
e
LnJe = - - Vp + constant (9)
KTe
When Vp is greater than plasma potential the current is determined by
space charge effects and the graph breaks more or less sharply from the
linear slope. The presence of the high energy electrons manifests itself
by the indicated superabundance of electrons at high retarding voltages.
The temperature is determined from the slope of the linear region.
By extrapolating the linear region and the space charge region until they
cross, an estimate of the plasma potential and electron current at plasma
potential may be made. Ideally the break should be sharp for planar
1) Energy of lower energy group of
mono-energetic electrons
2) E
3) I
4) I
t
5) T
;ergy of higher energy group of
ono-energetic electrons
ntercept of the higher energy group
in the plasma potential axis
ntercept of lower energy group on
he plasma potential axis
'hermal group of electrons
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2 1 o V
Figure 5. Lower Part of Plot of Electron Current vs. Probe Voltage
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Thermal electron region
Space charge limited region
Log i
0 VpP
Figure 6. Plot of the Logarithm of Electron Current vs. Probe Voltage
probes, but for reasons that are discussed below it is necessary to
resort to extrapolation. Equation (8) shows that the electric current,
I, drawn by the probe at plasma potential (Vp = O) is
(KTe 2
I = - Ie - i = -eANe (----- (10)2 7rMe
A is the probe area and e is the electronic charge. By using the
value of Te obtained from the slope, Ne may be calculated. Of course
this neglects the contribution to the current due to the high energy
electrons which makesthe current higher than would ordinarily be the
case. Since this contribution generally is less than 10% in these cases
it is ignored.
To estimate the energy and density of the non-thermal electrons
a graphical procedure is applied to the linear plot of electron current
vs. voltage. In this idealized case the non-thermal electrons are
represented as two groups of mono-energetic electrons of different
energy and density. As one would expect from equation (7), these ap-
pear on the graph as two linear sections. Extrapolation of these
sections to their zero current line yields the values of Vp for which
the current due to each group goes to zero. This is seen to be the
voltage equivalent of the energy of the group. The intercept of the
extrapolations with the axis of the plasma potential gives the current
due to each group at zero potential. The density of electrons in the
group can be calculated from equation (7).
In this case there are two groups of mono-energetic electrons.
The current due to the higher energy group is the intercept on the
plasma potential axis. The current due to the lower energy group is
the intercept on the axis less that of the higher energy group. To
handle a continuum of energies the curve is broken into sections,
assumed to bemcno-energetic, and tangents are drawn from the center of
each section to the intercepts. This is illustrated by the analysis
of the observed data in Section III. Naturally the tangents are much
less accurate than extrapolations of linear curve segments.
1 2 1) tube power
2) current regulator
3O v. 50 3) filament power
6 200 v. 4) tube
' ,1 5) probe
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.8 10 voltage
100 L 10
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10) x-y recorder
11) probe voltage
control
Figure 7. Electrical Circuit of Tube and Probe Measurement Setup
Before undertaking the discussion of the sources of errors, it is
necessary to describe the method used in taking the actual probe data.
The diagram, Figure 7, shows the entire electrical circuit of the tube
and the probe setup. The tube and cathode filament power is supplied
by batteries as shown.
The probe voltage is adjusted by a Helipot and battery. The current
is measured by the voltage drop over the 100 ohm current measuring
resistor. The probe voltage and the voltage over the current measurivvg
resistor are recorded simultaneously by a Moseley Autograf x-y plotter
(type 4D). The resistance of the recorder is much higher than the
resistances in the external circuit and the small errors are compensated
in the data reduction.
Between the probe and the measuring circuit a switch box is
interposed. It switches the probe from the measuring circuit to a
positive or negative voltage supply which causes the probe to be
bombarded by electrons or ions. This technique has been used in the
18, 20
past to eliminate errors caused by a changing work function of
the probe surface. This device bombards the probe for 0.' sec. and
measures for 0.3 sec. During the bombardment period the x-y plotter
is muted by a voltage applied to an internal relay. While muted the
recording pen remains at the position corresponding to the last values
of current and voltage instead of returning to zero. The response
time of the recorder sets the lower limit on the length of the
recording segment of the cycle. By muting, the distance that the
recorder pen must travel is only the separation of two consecutive
points on the current voltage graph, and the recording time can be
made shorter. The cleaning-recording cycle is controlled by cam-driven
microswitches and relays. The probe voltage is adjusted in small
increments by manual control.
Probe measurements are subject to numerous sources of error which
are discussed in Chapter IV of Loeb's Basic Processes of Gaseous
13
Electronics. Those which seem pertinent to this case are analyzed
here.
If the work function of the probe surface changes during the
course of plotting a current-voltage curve, a distortion of the curve
will result. This can arise in this type of discharge from the
evaporation of condensed mercury from the probe by electron bombard-
ment heating at high probe currents. It may also be caused by
deposition of material from the oxide cathode. Cures for each of these
sources of error are found in pulse cleaning the probe. Wehner and
20
Medicus suggest heating the probe by electron bombardment prior to
taking the measurement. This drives off all mercury before any
measurement is taken. Waymouthl8 discusses the effects of ion
bombardment in removing material deposited by the cathode. Both
methods were tried and examined in the light of curve perturbations
characteristic of the type of surface contamination present.
These studies led to the use of ion bombardment in all of the
measurements reported here. There are several reasons for this. In
the first place mercury evaporation does not seem to be a problem with
the current densities and duty cycle found in our apparatus. Secondly,
since the probe must operate in the region of the cathode for considerable
periods, contaminants, both metallic and insulating, are likely to be
a problem. Finally, it is believed that the ultimate sharpness of the
break in the probe characteristic at plasma potential is limited by
the fact that the various crystal faces present on the tungsten surface
of the probe have different work functions. Thus when other perturbing
factors are absent the plasma still sees a surface over which the
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potential varies randomly by a volt or more. Under conditions of
ion bombardment a layer of liquid mercury is built up on the probe
surface and presents a uniform potential to the plasma. The region
of transition in the semilog plot which must be bridged by extrap-
olation is reduced to about one half to one quarter of a volt in
these studies. Using electron bombardment the curved region extends
over about one volt.
If oscillations are present in the discharge, the probe will be
swept above and below its fixed potential relative to plasma potential.
On an oscilloscope which displays current vs. voltage a segment of
the probe characteristic, centered at the average d.c. potential, will
appear. However, it can be shown that the resulting current recorded
by d.c. instruments is not that which would be expected at the fixed
potential but is related to the curvature of the characteristic. Thus
measurements using instruments with long time constants, as these are,
will give spurious results in the presence of oscillations. For this
reason all sources of alternating voltages are removed from the
apparatus. Oscilloscopic monitoring showed no oscillations of
sufficient amplitude to be dangerous.
It is generally assumed, though not always correctly, that the
presence of a probe does not noticeably affect the plasma surrounding
it. This is true as long as the mean free path of the electrons and
ions is large compared to the probe dimensions. When this condition
is not satisfied an analysis based on the diffusion rate of ions and
electrons to the probe is necessary to compute the difference between
the measured and unperturbed values of density and plasma potential.
J. F. Waymouth has done this in a work that is to be published.1 9
The perturbation of the plasma by the probe is expressed in terms of
a parameter, Q , which is a function of probe radius, the mobilities
of the ions and electrons, and the temperature of the ions and
electrons. In the case of the highest pressure used in this experiment
Q varies between 0.3 and 0.35 for electron temperatures between 7000
and 20000 K. This implies that the actual density is about 15%
greater than that measured by the probe. This is more or less com-
pensated by the current drawn by the wire supporting the probe plate
whose area is about 10% of the probe face area. The glass shield from
which the wire projects perturbs the plasma also, but rough estimates
based on the same considerations as the probe perturbation indicate
that its effect is small.
In addition to these errors, which apply to many probe measure-
ments, there are several sources of error which complicate this
particular experiment. The density of electrons near the walls is
so small that probes approach their limits of reliability. Similarly,
the electron temperature is low and errors assume sizable percentage
values. The probe's relative position in the tube can be determined
to about a millimeter by a scale on its channel tube. However, the
absolute position measured from the center of the discharge is difficult
to fix. Thus the error in absolute position is of the order of 5 mm.
In using the graphical methods outlined above for finding electron
energies and densities computational errors of the order of 30% could
occur. The random errors may be estimated from the scatter of the
data. However, systematic errors of 20% or more may be present in
the values of electron density. The density of the high energy electrons
is subject to even more suspicion, though it is probably accurate to
an order of magnitude.
Measurement of Radiation Effects
In describing the probe structure it was noted that a band of
phosphor covers the tip of the probe support. This phosphor is the
Sylvania "Cool White" type which is commonly used in Sylvania
flourescent lamps. The output of visible light from the phosphor is
a well-known function of the intensity of the two mercury ultraviolet
0
lines, 2537 A and 1849 , impinging on it. Therefore, by measuring
the brightness of the phosphor the intensity of these two lines
striking it may be calculated. From the intensity of ultraviolet
light one can estimate the density of excited atoms in the region of
the phosphor by making certain assumptions.
Before describing the method of measuring the phosphor brightness
the procedure for estimating the excited atom density is outlined.
First, the assumptions are listed.
1) The radiation is entirely 2537 a. This is not necessarily
true, but a second phosphor band to which only 2537 R light
o
had access showed that the 1849 A radiation is not appreciable.
2) The radiation diffuses through the vapor. This implies that
the effective free path of a photon is much less than the
radius of the chamber, which will be shown to be true below.
3) The excited atoms have a Maxwellian velocity distribution at
all positions in the tube. This is necessary to calculate
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the equivalent opacity using an originally Doppler broadened
line as is done below. No estimate of the degree to which
this is true has been made because of the theoretical and
experimental difficulties involved. However, the analysis
in the following section of the density distribution of
excited atoms seems to indicate that the spectral line shape
does not change appreciably from one position to the other.
Calculations using a pure Doppler broadened line seem to fit
the data quantitatively as well.
4) The dimensions of the phosphor are small compared to the
effective free path of a photon so that the density of photons
is not affected by the presence of the phosphor. This is not
completely satisfied since visual comparison of the tiny
phosphor with the larger phosphor used in the measurements
showed the tiny phosphor to be brighter in equivalent
positions in the tube. The error is probably not more than
a factor of 2.
If we accept these assumptions, we may proceed to calculate the
relation between phosphor brightness and excited atom density.
Consider an incremental element of phosphor surface with an area A .
Set A at the origin of a hemispherical coordinate system as shown
in Figure 8.
Figure 8. Hemispherical Coordinate System
The probability, Q , of a photon emitted at P to strike the area,
A , is the fractional solid angle subtended by A at P .
Acosg
7r 2 (11)
To find the number of photons striking A from all points we use the
photon emission rate per unit volume, Re .
Nr
Re - (12)
tnat
Nr is the excited atom density. tnat is the natural lifetime of the
excited state. The number of photons striking A from an incremental
volume dv is ReQdv . To find the total rate, T , from all the half-
space from which photons can strike A we must integrate over the volume
T = ReQdv
al (13)
half space
We can use the incremental volume
dv = 2 rrr 2sined@dr (14)
to get
7T 00
ReA 2 ReA dr
T = --- dg drcosgsin = --- dr (15)
2 0 0 4 0
Plainly this is not reasonable since it becomes infinite. However,
some photons will be scattered by the mercury atoms before they reach
A . This effect may be accounted for by multiplying A by the factor
e-Kr . K is the reciprocal of the effective free path of a photon.
This yields the simple equation
ReA
T-- -e-Kr (16)
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There is a further complication, however. K is a function of r .
Tables of equivalent opacity, Kr , as a function of Kor , are found
in Mitchell and Zemansky's book Resonance Radiation and Excited Atoms,
page 331.15 These take into account the changing spectral line shape
as a function of the number of scatterings. It is assumed that the
original line is Doppler broadened. We may replace the integral by
a summation, as follows:
f -Krdr = e-(Kr)iri 
(17)
0 i = 1, 2, 3,...oo
and use the values obtained from the tables given in Mitchell and
Zemansky.1 5 To calculate Ei we assume a mercury vapor pressure of
one micron which corresponds to the pressure found in the tube during
all these experiments. This gives a reciprocal free path of
Ko = h.22 cm- 1 for the center of a Doppler broadened line. The
numerical summation indicates that essentially no photons come from
more than 3 cm. The result is
ReA
T = ---.28 photons/sec. (18)
The flux across a unit area is
T
- = .07Re photons/cm2 sec. (19)
A
T
T is proportional to the phosphor brightness. The proportionality
is determined by comparing it with the brightness of an identical
phosphor in a known flux of ultraviolet radiation. This is done by
means of a photometer and a standard lamp which will be described below.
To measure the brightness of the phosphor tip at a point within
the spherical tube a photometer was constructed. It is shown in the
diagram, Figure 9. A camera which focuses its image on a ground glass
back is coupled to a photomultiplier tube to make a photometer which
can discriminate small areas at some distance from the lens.
The principle is quite simple. The camera is visually focused
on the area whose brightness is to be measured. The unwanted light
from the surroundings of the object is blocked by a mask with an
aperture placed against the screen. The photomultiplier assembly is
1) Connector
2) Power and signal leads
3) Lense
4) Photomultiplier tube
Figure 9. Schematic
5) Light shield
6) Aperture plate
7) Ground glass screen
8) Receiver for phototube assembly
Diagram of Photometer
Optical bench
Photometer
Probe tip
/4
Figure 10. Arrangement of Photometer and Tube
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plugged in and the power turned on. The output of the photomultiplier
is proportional to the brightness of the image visible through the
aperture.
In practice the photometer is mounted on an optical bench and
moved parallel to the motion of the probe in the position shown in
Figure 10. This keeps the phosphor a constant distance from the photom-
eter so that the output of the photometer is always related to the
brightness by the same factor. The position of the bench is determined
by a desire to keep the angle between a ray from the phosphor to the
photometer and the normal to the wall as small as is convenient. The
visible light from the glowing discharge is excluded by an interference
filter in front of the camera lens.
The camera is a bellows type with a removable back. The back is
replaced by an aluminum assembly which holds the ground glass focusing
screen, the aperture mask, and the power and signal leads. The image
position may be adjusted by vernier knobs on the lens board. The
photomultiplier is an E.M.I., type 9528B, eleven stage tube with an
S-10 spectral response -- the most uniform available over the visible
range of the spectrum. It is mounted inside an aluminum light shield
which fits snugly over a matching tube on the camera back. Power and
signal connections are made by a high voltage plug and socket which
serve to disconnect the tube before it is removed from the camera back.
The power to the photomultiplier is supplied by a regulated, high
voltage, power supply built in our laboratory for photomultiplier use.
The output of the photomultiplier is read as voltage over a 5 megohm
resistor in the plate circuit by means of a Hewlett-Packard vacuum
tube voltmeter, type 410B. The whole assembly is mounted rigidly on
an aluminum "L" beam with an adaptor for use on an optical bench.
The factor of proportionality between the output of the photometer
and the flux of ultraviolet radiation to the phosphor is obtained by
comparing the brightness of the phosphor tip and a spot of similar
phosphor irradiated by a known intensity of ultraviolet light. A
standard flourescent lamp was furnished by the Sylvania Electric
Company which puts out 0.015 watts per square cm. of ultraviolet
light when drawing O.h31 amps. A mask with a hole the size of the
phosphor tip is placed over the flourescent lam;p. The photometer is
then focused on the hole so that the angle, distance, phototube
voltage and filter are identical to the arrangement used for measuring
the phosphor tip brightness in the sphere. The ratio of the photometer
outputs is then the ratio of the ultraviolet fluxes.
The comparison of the brightness of the lamp phosphor with the
brightness of the phosphor tip gives the watts per square cm.
striking the probe directly. This may be related to the flux of
photons per unit area by dividing by the energy per photon. If Wp
is the wattage per square cm.,
T W18
A = 1.26*1018 Wp photon/cm2 (20)
A hV
h is Planck's constant and I is the frequency of the photon
(1.2.101 5 sec-1). From equations 19 and 12 we get the relation for
ii I I I
-A
the density of excited atoms, Nr ,
Ttnat 1012
Nr ----- = 1.89.1012 Wp cm 3  (21)
A.07
in terms of the watts per square cm. incident on the phosphor tip.
Monitoring of Oscillations
As pointed out in the discussion of errors in probe measurements
oscillations can lead to spurious results. Also there is some feeling
that oscillations of very high frequency may play a part in the
energy balance of the electrons in the outer reaches of the tube.
For this reason an oscilloscope sensitive to oscillations of frequencies
less than 10 megacycles is connected to the probe or another electrode
while measurements are being carried out. Radio and radar receivers
are used to scan the frequency spectrum from one megacycle to 4,000
megacycles. No attempt has been made to calibrate these receivers
beyond determining that they are capable of detecting radiated signals
of intensity less than a milliwatt per cubic meter.
Observation of Spectrum of Plasma
Another routine check on the conditions in the tube is the
examination of the visible light output with a pocket spectroscope.
The presence of foreign atoms with low excitation potentials and
excitation of the buffer gas can be detected with fair sensitivity.
These observations show that there is no appreciable excitation of
helium in the cases reported here. The only detected impurities are
strontium and barium from the cathode coating. These are believed to
play no part in the mechanisms of interest in this study.
Now that the apparatus and measuring techniques have been
described it seems appropriate to describe the conditions under which
the data are taken before presenting them and their analysis. In all
the measurements reported the anode and the cathode are about 2 cm.
apart at the nearest points. The cathode is placed so that the
probe on the cathode end of the tube travels radially toward it.
That is, the probe would strike the cathode coil if extended into
the tube far enough. The temperature of the tube arms is approximately
200 C., which controls the mercury vapor pressure at about one micron
of mercury (10-3 torr.). Data is presented for helium at pressures
0.5, 0.23, and 0.08 mm. of mercury as measured by the Autovac gauge.
The current in the tube is generally one half amp., although it is
varied for some measurements. The cathodes are heated by direct cur-
rent from batteries. At the higher pressures the cathode heater
current is reduced below the normal value because of the onset of in-
stabilities which interfere with the measurements. The heater cur-
rent varies between 1.6 amp. per coil at 0.5 mm. and 2.0 amps. per
coil at 0.08 mm. Unless otherwise noted all data is taken by the
probe nearest the cathode at various distances from the cathode.
III. THE OBSERVED RESULTS
Having described the conditions inside the sphere and the means
of measuring them, it is time to put forth the actual values of the
various parameters measured. In this section values of electron
temperature and density, density and energy of non-thermal electrons,
and density of resonance excited mercury atoms is presented as a
function of position in the tube, gas pressure, and tube current.
The majority of the data represents conditions occuring when the tube
current is one half amp. and is graphed as a function of distance
from the cathode in Figures 11 through 18. Under some conditions
instabilities near the cathode or anode develop, but where possible,
data is presented for several current levels at selected positions
in the tube. This data is gathered in Table 1.
Figures 11 and 12 present the temperature, Te , and density,
Ne , of the thermal group of electrons as a function of position for
the three pressures of helium investigated: 0.5, 0.23, and 0.08 mm.
of mercury. The scatter of points is due to variations of conditions
in the tube, errors of probe position, and difficulties in estimating
values from the probe curves.
The observed electron energy spectrum always shows the presence
of high energy electrons as well as the thermal group. These high
energy electrons may be separated into two distinct groups. One is
nearly mono-energetic with an energy of about one electron volt. The
other consists of a continuum of energies extending from one to about
five to ten electron volts. The shape of a probe characteristic when
the three principal groups are discernible is shown in Figure 13.
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Figure 11. Electron Temperature as a Function of Radius
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Figure 12. Electron Density Versus Radius
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Figure 13. Electron Current Versus Probe Voltage
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This is a copy of a portion of the current vs. voltage plot taken
11 cm. from the cathode at a pressure of 0.5 mm. of mercury and with
0.5 amp. passing through the tube.
Figure lb shows the relative density of these electrons as a function
of their energy in volts. This curve is computed graphically after
the method of Medicus described in Section II.14 Superimposed is the
approximate expected thermal energy distribution at the equivalent
temperature of the thermal group, 11500 K. As can be seen there is
a sharp peak of electrons at one volt which merges with the thermal
distribution and the higher energies. The shape and extent of the
higher energy spectrum depends on the position and conditions in the
tube. However, the one volt peak is clearly distinguishable whenever
it is not masked by a high density of thermal electrons or higher
energy electrons. In the interest of simplicity, the higher energy
electrons are treated as a group with density, No , and average
energy of 5 volts. The one volt electrons are considered a group of
density, N1 , and the thermal electrons, which comprise practically
all the electrons, a group of density, Ne .
The densities of the two non-thermal groups of electrons are
plotted as a function of position and pressure in Figures 15 and 16
for a tube current of 0.5 amps. In some cases the highest energy
electrons are too few to be observed. In others there are too many
of various energies for a simple average to have meaning. The one
volt group may be smothered when the temperature is high or the density
of higher energy electrons is too great. The density is omitted on
the graphs or in the table when these situations occur.
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The random variations of this data are seen to be somewhat greater
than those of the thermal electron data. This is primarily due to the
increased errors inherent in the graphical differentiation of the
probe curves.
As explained in the previous section, the phosphor tip brightness
is a measure of the 2537 radiation flux in the region of the tip.
From the knowledge of the flux the density of mercury atoms excited
to the 63pl state can be inferred. The graph, Figure 17, shows the
radiation flux, Wr , to the phosphor in watts per square meter as a
function of position and pressure and with the tube current at 0.5
amp. The density of 63P1 states, Nr , is given in Figure 18 as a
function of position and pressure at 0.5 amp. The variations of Wr
and Nr with current are shown in Table 1.
The random errors of these data are seen to be relatively small.
However, errors due to phosphor deterioration, light losses at the wall
of the sphere, and imperfect adherence to the assumptions used in
deriving the excited atom density can lead to errors of a factor of
two or more. These primarily affect the absolute rather than the
relative densities, and are much worse in the case of excited atom
density than in the simple flux measurement.
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Table i1 Discharge Parameters at SveralValues of Tube Current and Pressure
Pos. Cur-
cm, rent
Amp.
Ne/m3
x/13
Pressure = 0.5 mm.
1.73.1017
8.1491016
3.68.1016
1.29.1017
7.37.1016
3.12.1016
4.45.1016
3.40.lO161,64.1016
6.2. 1015
4.7. O15
3.9.101ol4
1.2 1I014
8.610I13
3.9.1013
5. 1013
3.9-1013
Pressure = 0.23 mam.
9. 8101
2.1-1015
4.31014
5.6
3,4
2.1
1.510.96
0.63.31
0. 20
0.15
4
4
1648
8
8
16
16
16
16
8
68
16
16
16
8
16
16
16
20
20
20
Pressure = 0.08 am.
6.72.1016
2,70.1016
1.13.1016
2,82,1016
1.28-1016
5.16.Io15
1.57.1016
6.51-1015
2.18.1015
2.3.101
1.241014
5.5* 1013 1.0.1015
3.1.1015
2.4*1015
3.-.10 14
7.9
1.7
2.55
2.67
1.67
0o.85
0.55
0.37
0.20
5.95
3.64
0.83
0.78 1.5.1014
0.1l 7.9.1013
1.1.1015
6.61014
4.1.1lO14
2,9.1011
1.8-1014
1,2.101
6.0.1013
3.9.1013
2.9-1013
1.5.1015
.1.1.10147.1i1013
3.9*1013
1.1.1015
7.o.1oL4
2.8: 01I
1,6 •o4
Wm2
1,0
0.5
0.25
1.0
0,5
1.0
0.5
0.25
5030
3000
2000
1500
1350
1300
810
4oo
1.2:1017
5.56.101 6
2.17.1016
9.4-1.1016
.18.1016
1.80.1016
5.70 i0 16
2.42.1016
9.03-1015
1.0
0.5
0.25
1.0
0.5
0.25
1.0
0.5
0.25
1.0
0o5
0.25
1.0
0.5
0.25
1.0
0.5
0.25
5200
1loo
3800
2870
2550
2040
1260
1360
1250
38640
3470
3330
3000
26140
1750
2500
2270
1500
Nr/m3
IV. DISCUSSION OF THE OBSERVATIONS
Certain characteristics of the data are obvious from inspection.
The density of electrons -- both thermal and high energy -- ions,
radiation, and the temperature of the electrons decrease with distance
from the center and increase with current. If, as is supposed, these
entities are created at the center and thermal energy is applied at
the center, one would expect this to be the case. The charged particles
and photons presumably have to diffuse outward in the direction of
decreasing density, and the electrons' energy must be transferred
from regions of high energy density to low. The purpose of this
section is to analyze these processes, and indicate where conventional
mechanisms can or cannot explain the observations.
Diffusion of Particles
The diffusion of charged particles is common to all plasmas
generated in the laboratory, and therefore considerable study has
been devoted to it. The following analysis is similar to the usual
treatment, such as is found in Brown's Basic Data of Plasma Physics.1
The flux of electrons, e , in the presence of gradients of
density, temperature, and electric potential is given by
re =  eNeE - me7(TeNe) (23)
Re is the electron mobility. E is the electric field. K is Planck's
constant. The flux of ions, Pi , is given by
K ji
S iNiE V (TiNi) (24)
e
i is the ion mobility. Ni  is the ion density. Ti  is the ion
temperature.
Unless the density is very low the diffusion of charged particles
is subject to the condition that no great difference in the concen-
trations of positive and negative particles can be allowed, because
of the strong electric fields which would arise. Diffusion under
these circumstances is called ambipolar diffusion. By making certain
approximations, which do not detectably alter the solution, the equation
of ambipolar diffusion may be considerably simplified. These ap-
proximations depend on all the ions being positively charged, and the
ion-electron density being large enough to create strong fields if
a considerable difference in their numbers occurs. This seems to be
true in these cases.
Since Ne is equal to Ni we may replace Ni by Ne in
equations 23 and 2h. Similarly, if approximate electrical neutrality
is to be preserved, F e must equal . In this particular case
it is assumed that T i is approximately the wall temperature of the
tube at all points so that its gradient is zero, In addition the
mobility of the mercury ion is much less than that of an electron in
helium. If we multiply equation 23 by ] i and equation 2h by e
and add them, we get
i e = F = S - . (TeNe) + (TiNe  (25)
Using the fact that J i is negligible compared to Fe this
equation may be approximated by
- + T i)Ne] (26)
e
This expresses the fact that the electrons would like to diffuse much
faster than the ions but are held in check by the condition that their
densities remain equal. The net diffusion rate , F, is the normal
ion diffusion rate spurred by the gradients of the electron density
and temperature.
This concept may be made more clear by considering the electric
field which restrains the electrons and accelerates the ions. The
external electric field is zero so that equation 23 can be subtracted
from 24 to solve for the electric field due to the gradients of Te
and Ne
Ci I NeE( e +i + [/eV N + i(TiiNi) (27)
Since /i and Ti  are much less than Ye and Te this equation
can be simplified and solved for a good approximation of E .
K ----
E - - --- (TeNe) (28)
eNe
The drift current of ions in an-electric field is
NitJ -E (29)
Using the field due the gradients of Te and Ne we get
- K
= - iVe(TNe) (30)
e
Comparing equation 30 with equation 26 it can be seen that the total
drift current of particles is that due to the density gradient of the
ions plus the effect of the electron induced electric field.
These fields are rather small in the case of weak gradients, but
it is interesting to compare the fields calculated from the observed
gradients of electron density and temperature with those drived from
the plasma potential determined by the probe curves. The comparison
is shown in Table 2 for several positions in the tube at the three
pressures studied.
Table 2. Comparison of Calculated and Observed
Radial Electric Fields
P = 0.5 mm. P = 0.23 mm. P = 0.08 mm.
volts/cm. volts/cm. volts/cm.
Pos. Obs. Calc. Obs. Calc. Obs. Calc.
5 cm. 0.05 0.1
6 o.o4 0.041
7 0.05 0.042
10 0.02 0.025 0.035 0o.01 0.025 0.035
15 0.01 0.016 0.03 0.04 0.015 0.02
20 0.02 0.01 0.05 0.049 0.01 0.019
24 0.05 0.041 0.08 0.128 0.01 0.03
Because the absolute potential is very sensitive to conditions at
the cathode the variations are relatively great except when the data
is taken over brief periods of time. For this reason potential data
is omitted from Section III. These estimates of electric field are
derived from probe curves that were obtained within short intervals
of time. Since the estimate of potential is subject to errors due to
variations at the cathode and other inaccuracies described in Section
II, it is surprising that the electric field, which involves the ad-
ditional errors of differentiation, shows as good agreement as it does.
The most serious deviations are near the center where the presence of
primary non-thermal electrons makes the probe curves more difficult
to interpret and near the walls where the density and temperature are
so low that errors become considerable.
It has been stated that the ions and electrons are created at
the center and diffuse to the walls. To study this diffusion process
and the processes of ion production and loss, it is necessary to
derive equations which describe particle diffusion in this case. To
begin it is assumed that the diffusion is ambipolar, and that because
of the spherical symmetry of the tube all parameters depend on radius
alone.
The diffusion equation, 26, may be written in terms of a constant
times the gradient of a parameter which is the product of the electron
density and the sum of the electron and ion temperatures. To simplify
the notation of the following argument, let us denote the constant
by the small letter, b , and the parameter (Te + Ti)Ne by the capital
letter, M,. The diffusion equation then takes the form
r= - bVM (31)
The rate of loss or production of particles in a volume is pro-
portional to the divergence of the flow. If one knows the loss or gain
function, the second order differential equation resulting from this
statement can be solved for M as a function of position. In general,
this is not known, so it is necessary to consider the simplest case
and observe what deviations from it are to be expected.
This case is that in which the net loss or gain of particles
is zero. Under this curcumstance the differential equation is
div = - bV 2 M = 0 (32)
This is LaPlace's equation, and the solution is of the form
A
M = - + B (33)
r
when spherical symmetry is assumed.
To find the values of the constants we consider the situation
where all the ions and electrons are produced inside a sphere of radius
r . The flow, , per unit area is then
Zi
r= 2 (34)
4Tr 2
Zi is the net production rate of ions inside r
But the flow at r is
dM
b-- (35)
By combining equations 3h and 35 and integrating, the expression for
M is obtained.
z7Z dr 1
M - -- + B (36)
2b r  47Tb
The second boundary condition, M goes to zero at the wall,
determines the value of B . Thus M obeys the relation
MZ 1 1
4jTb rw
r w is the radius of the tube.
If no particle loss or gain occurs beyond a given radius, M
should vary according to equation 37. Therefore, by plotting M versus
1 , a straight line will result connecting the value of M at this
1
given radius and the zero axis at -- . The slope of this line is
4Tb P where Zi is the net production of ions or electrons inside
the particular radius.
This immediately indicates a convenient method of determining
over what region of the sphere the production or disappearance of ions
is zero and of estimating the rate of loss or gain of the density when
it occurs.
To illustrate this method, suppose that observed values of M
are graphed as a function of I as shown in Figure 19. This pictures
-Production
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Figure 19. Idealized Curves of M(l)
two situations. In one there is apparent loss in the volume, in the
other there is apparent production, but they both deliver the same
particle current to the wall. If all production or loss took place
inside an indefinitely small radius, the curve would follow the dotted
line. The slope of this line is proportional to the production rate
at the center.
The curve which shows loss is concave upward. The loss rate
between any two radii may be estimated by drawing chords from the zero
1
axis at - to the points on the curve corresponding to these radii.
This is illustrated by the chords drawn to points 1 and 2. The slopes
of these chords are proportional to the net production inside their
respective radii. The difference in the net production between rl and
Loss
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r2 is TFb times the change in the slope of the chords to 1 and 2.
Similarly, for the other curve the slope of the chords increases with
1decreasing F which indicates production. The production between r3
and r4 is proportional to the increase in the slope of the chords
to 3 and 4.
Observed values of M are plotted versus in Figures 20, 21,r
and 22 for the three gas pressures with the tube current at 0.5 amp.
There is no apparent upward curving which would indicate ion loss.
However, they do show evidence of ion production. Production occurs
farther from the cathode at lower pressures, as one would expect since
the high energy ionizing, electrons travel farther from the cathode
when the pressure is decreased.
The principal loss mechanism of ions and electrons in the volume
is ion-electron recombination. The rate of loss depends on the electron's
energy and density and the type of ion involved. It is not necessary
to discuss the general problem of recombination here; BrownI and Loeb1 3
present reviews of the subject. However, it is instructive to estimate
the loss ratio that can be detected.
The minimum detectable loss rate is determined by the minimum
detectable change of slope in the curve of M versus r . The loss
rate is proportional to 7TTb times the change in slope. By reducing
b , a smaller net loss of ions is necessary to effect a visible change
in slope. b is inversely proportional to gas pressure because of
the ion mobility factor contained in it. Therefore, the higher the
pressure the smaller the minimum detectable loss rate. In addition,
when the loss is due to ion-electron recombination and it is assumed
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that the concentrations of each are equal, the loss rate is proportional
to the density squared. Thus for a given recombination coefficient the
loss rate is most apparent at high pressures and high electron densities.
Due to instabilities which arise with this electrode configuration,
complete radial measurements are limited to pressures of 0.6 mm. or less
and currents of 0.5 amp., with a few measurements present for 1.0 amp.
Nevertheless, comparison with expected recombination rates is attempted.
The only form of recombination observed with mercury ions is
radiative recombination. This is the simple coalescence of a single
atomic ion with an electron. The surplus energy is given off as
radiation. As might be expected, this process is much less probable
than one involving an electron and a molecular ion where the excess
energy can go into molecular vibration or dissociation. The
coefficient of recombination of mercury has been measured by Mohler,
who determined it from the decay rate of a plasma.1 6 His value of
the recombination coefficient is 2.3.10-10 cm3/ sec.
Using this value and the calculated value of b , 2.5610-4
m 2/deg. sec., for a helium pressure of 0.5 mm., a curve of M( )
is constructed and compared with the observed curve in Figure 20.
Although the constructed graph shows some curvature, it is hidden in
the scatter of the data. The expected curvature would be even less
at lower pressures, so these curves are not computed. However, at 1.0
amp. the electron density is nearly doubled, and the recombination rate
is quadrupled. The expect total ion loss at 1.0 amp. between 4 cm.
and 8 cm. and between 8 cm. and 16 cm. is compared with that computed
from the observed values of M(I) in Table 3.
Table 3. Electron-Ion Loss Rate at a Tube
Region Observed Loss Rate
4 - 8 cm. 3*1016 glectrons/sec.
8 - 16 1.3"101
Current of 1.0 Ampere
Expected Loss Rate
9.30:10 electrons/sec.
1.:481016
From the linear section of the M(1) curves the total net ion
production can be calculated with the formula
Zi (total) = h4rb (maximum slope)
Values of b and Zi for each pressure are tabulated in Table 4.
Table 4. The Number of Ions and Electrons
Per Second
Escaping to the Tube Wall
b m2/deg. sec.
2.56* 10-
5.56*10 - 4
1.60*10-3
1.0 amp.
7.41016
1. 51017
.5.1017
Zi(total) sec
0.5 amp.
h.83*1016
9.8.1016
3.1-1017
It is pointed out above that the ionization shown by the downward
curvature of the graphs is due to the non-thermal electrons. If we
assume that the ionization takes place entirely by ionization of atoms
already excited to the resonance and metastable states of the mercury
atom, electrons of at least 5.6 volts are necessary. The number of
electrons needed to provide an ionization rate typical of the observed
curvature, say 1015 ionizations/m 3 sec., may be estimated from equation
zi
39. "- is the ionization rate. Nh is the number of hot electrons
and Wh is their velocity, which is about 106 m/sec. Nr is the
(37)
Pressure
0.5 mm.
0.23 mm.
0.08 mm.
0.25 amp.
3.6 1016
5. l1016
density of excited atoms, approximately 101/m 3 . The ionization
cross section, Si , is about 10 2 0 m2.
-- = NrNhSiWh  (39)
Substituting these value; the necessary number of hot electrons is of
the order of 101 m-3 , or about one half to one per cent of the total
number of electrons. The fraction of the total number of electrons
with 5.6 volts of energy in a Boltzmann distribution at 50000 K may
be estimated by
Nh eVh e*5.6(
- = exp exp - (40)
Ne KTe K5000
This shows that the thermal distribution has less than one millionth
of its electrons with sufficient energy to ionize. Therefore supra-
thermal electrons are necessary to ionize at,the observed rate. The
majority of these are presumably from the accelerating region of the
cathode.
The errors in calculating the diffusion fluxes and the rates of
particle loss and gain arise from several diverse sources. Uncertain
determinations of gas pressure provide an equivalent uncertainty in
the values of b . All the errmrs involved in probe measurements are
reflected in errors of M , but more serious in some cases is poor
knowledge of the position of the center of the discharge which gives
rise to large errors in at small rr
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Nevertheless the data appears to agree with theoretical predictions
made on the basis of commonly accepted mechanisms. The electric field
due to the gradients of density and temperature of the electrons agrees
with expected values well within the possible limits of error. Study of
diffusion and recombination processes shows no unforseen mechanisms.
Although the conditions of operation in which an accurate determination of
the radiative recombination coefficient is possible are not achievable in
this apparatus, it is sufficiently accurate to assure that no more
powerful type of recombination is occurring.
Discussion of the Resonance Radiation
Earlier in this section it is stated that ultraviolet resonance
radiation diffuses from the center, where it is created, to the walls of
the chamber, where it is absorbed. Actually the process of diffusion of
resonance radiation has been subject to a considerable amount of debate.
It has even been suggested that the use of the concept of diffusion is not
justified in the general case. There is no attempt made to elaborate or
discuss any of these theories in this thesis, nor does the data lead to
any direct conclusions about them. Nevertheless an analysis based on the
simplest of the theories is useful in correlating the observations of
ultraviolet intensity with measurements of electron density and gives
credibility to the estimates of excited atom densities.
The diffusion of resonance radiation through a gas is characterized
by a flux of photons whose frequencies are distributed in some fashion
about the resonant frequency of the gas atoms. These photons can excite
gas atoms from the ground state to excited states, but the probability
of their doing so is related to the difference between their frequency
and the resonant frequency of the transition between states. Having
excited an atom, the photon is lost and at some time later a new photon
travelling in a different direction and with a slightly different
frequency is emitted. This process resembles the classical diffusion
of particles in that photons may be considered to be scattered by these
successive absorptions and re-emissions. However, the time of contact
with the scatterer, the duration of the excited state, is much longer
than the time between scattering collisions.
Because the distribution of frequencies about the resonant
frequency, and thus the distance between absorptions, varies with the
geometry of the gas container and conditions within it, it is difficult
to assign a value to a diffusion coefficient that will predict the total
flux )f photons. But if at every point in the gas the photons have
a frequency distribution of the Doppler type, a rough estimate of a
diffusion coefficient can be attempted.
Kenty8 has derived an approximate diffusion coefficient which has
been simplified by Zemansky.21 It is given in equation 41.
1
Dr = . tnat (1)
hK
tnat is the time that a photon is "trapped" on an atom, i.e. the
natural lifetime of the excited state. K is the reciprocal of the
average distance between absorptions for photons of all frequencies.
The natural lifetime is a well-known value (1.05.10- 7 sec. for the
63P1 state of mercury), but the absorption coefficient, Ky , is a
strong function of photon frequency. Determining just what value of K
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gives the correct total diffusion rate is a question which has exercised
many.
The approach taken in this work is to assume that all photons have
the same diffusion coefficient regardless of frequency. This implies
that they all diffuse at the same rate, which is untrue, but it is
possible under this assumption to choose a value which yields a flux
that approximates the actual flux. First it is assumed that the
absorption coefficient is a Gaussian function of frequency centered
at the natural frequency of the resonance transition. In the case
where the function is determined by the thermal motions of the atoms,
the absorption coefficient as a function of frequency, ) , is given
by
2
2( ))-o)Ln2
K = Ko exp o(42)
Ko is the absorption coefficient for photons of frequency, do , the
natural resonant frequency. A D is the Doppler width of the
absorption function. It is defined as the difference in frequency between
the two points of the function, Ky , which are one half the maximum
value, Ko *
If equation 42 is integrated over all frequencies the result is
=yd 2 0 D (43)0 I Ln 2
This integral may be approximated by integrating a constant function,
K , over a limited frequency range so that the areas under the curves
are equal. That is
V = - Ko D (44)
From this the average absorption coefficient, K , may be expressed
in terms of the maximum value, Ko , and the ratio of the Doppler
width, a D , to the spread of frequencies of interest, A .
K=I K VD (45)
Ln2 A)
This implies that the entire flux of radiation may be accounted
for by photons whose frequencies are not very different from the natural
resonant frequency, and that the photon frequency distribution may be
arbitrarily cut off at the limits of integration. A more common
approach to similar problems is to assume all photons have the same
frequency and that an equivalent absorption coefficient may be assigned
to it. This approach is outlined in Mitchell and Zemansky, pp. 196 ff,15
When comparing our approximatkn to the diffusion coefficient estimated
from the observations, the spread of frequency, I , is adjusted
to fit the data. It is felt that it is somewhat easier to see whether
L1VD/AV is a reasonable value than an adjustable absorption
coefficient.
Before estimating values, the diffusion process must be examined
in more detail. As is pointed out above, the photons spend almost all
their time during diffusion as excited states. Thus the photon density
may be considered as the excited atom density. The flux of photons, Tr ,
is related to the gradient of photon or excited atom density by the
diffusion coefficient, Dr
Dr N (46)
This equation is essentially the same as that found for the diffusion
of particles, and it can be solved for the density of excited atoms,
Nr , if the loss function is known. Unfortunately the loss rate must
be computed at each point by means described below, so that no simple
function of Nr versus radius is obtainable. Instead it is necessary
to resort to the method used in analyzing particle diffusion.
By following an argument identical to that used in studying particle
diffusion it can be seen that in the absence of loss or gain of photons
the density distribution is
z /1 1
N - (47)
Nr TTDr  r w
Zr is the production rate of photons. Therefore by plotting Nr
against - a linear function will result if there is no loss or gain.
The curves of observed Nr versus 1 are plotted in Figure 23, for
three pressures and at a tube current of 0.5 amp.
Nr/cm3
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Figure 23. Density of Excited Atoms Versus
As can be seen, the upward curving which indicates photon loss is present
in all three. The curves at the two lower pressures show a downward
curving at small radii indicative of production in the volume --
probably due to the same high energy electrons which cause ion production.
Since Dr is not so well-known as b , the procedure to be followed
is somewhat different than that used in analyzing the particle diffusion.
The expected photon loss rate is used to derive the diffusion coefficient
from the observed change in slope. This value may then be compared to
the theoretical value.
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The loss of photons in the volume of the gas is due to processes
which quench the excited atoms to the ground state with no photon
emission. This can be caused by electrons or certain molecules which
collide with the excited atoms and take the excitation energy away as
kinetic energy. There is no indication of any molecules in the discharge,
so it is assumed that all photon loss is due to electronic quenching.
Kenty9 has analyzed the role of quenching and other processes in
the equilibrium density of excited mercury atoms in a flourescent lamp
type discharge. In his discussion the means of computing the electronic
quenching rates is outlined. This procedure, which is followed here,
begins by calculating the shape of the quenching cross section as a
function of electron energy from the Klein-Rosseland relationship
between the quenching cross section and the excitation cross section.
If the product of the quenching cross section at a particular energy
times the electron velocity times the fraction of electrons of that
energy is integrated over all energies, a coefficient, Kq , is obtained.
The quenching rate per unit volume per sec., Rq , is then
Rq = KqNrNe  (48)
Since the cross sections are determined experimentally, the integration
must be done numerically.
Now the situation under consideration is considerably simpler than
that in a discharge where electron excitation, quenching, and other
processes are occurring together. We assume that excitation is due
entirely to absorption of photons of 2537 wavelength which raise the
mercury atoms to the 63pl level. This level lies between the 63p2 and1an2
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the 63pO levels on the mercury energy level diagram, both of which are
metastable. It is assumed that neither the other mercury resonance
level, the 6 1P1 , nor the levels associated with visible radiation play
any part in these processes. Therefore quenching of the 63P1 level
can involve transitions to ground, the 3P2, or the 3P O levels2'e 0 .els oy.
The P1 level is 4.86 volts above ground. The 3P2 level is 0.81
volts above it, and the PO is 0.20 volts below it. Since the PO
and 3P 2 states are metastable they can return to ground only by quenching
directly to ground or by electron induced transitions to the 3P1 level
which can emit a photon. Therefore the density of those levels relative
to the 3P1 level is determined by an equilibrium among these processes.
Kenty 9 has estimated the values of the cross sections of these quenching
transitions. The maximum value of the cross section function for each
is shown in Table 5.
Table 5. Quenching Cross Section Maxima of Mercury Levels
Transition Cross Section Maximum
63 2 -- Ground 4.1.10- 20 m2
63P1 - " 4.6
63p o  4.5
63p2 -- 63p1  44h.
63p1
-- - 
63p 2  19.3
63p - 63PO 58.0
63P -- 63 I  15.00 1 l.
The cross sections for transitions among the three states is so much
greater than those for transitions directly to ground that it is
reasonable in these calculations to consider that the relative
concentrations are determined only by an equilibrium among the three.
The equilibrium population of a level relative to one directly
below it is given by
N1  g1  eV12
- exp - - (49)
N2  g2  KTe
gl and g2 are the statistical weights of the two states. V1 2
is the voltage difference in their energy levels. Te is the electron
temperature. The statistical weight of the 3P1 state is 3 and that
of the 3P2 state is 5, while their energy difference is 0.82 volts.
Even at electron temperatures of 40000 K, the 3P2 equilibrium
population is less than half that of the 3P1 state. However, the
statistical weight of the 3PO state is 1 and it lies 0.20 volts below
the 3Pl state. Thus a rough estimate says that the 3PI and 3PO states
have equal populations and the 3P2 state is not appreciably populated
under the conditions present.
The result of these estimates is to indicate that quenching of
the 3P state is primarily by electron induced transitions directly
to ground and by transitions to the 3PO state and thence to ground.
The cross sections for quenching the two states to ground are nearly
equal, so that the rate of both processes together is about twice that
for one alone. The value of Kq for quenching of 3P1 to ground has
been calculated for several temperatures by numerical integration.5
The function does not vary much at these temperatures and is roughly
equal to 10-1 4 m3/sec. The total rate is about twice that.
Now we are in a position to connect the calculated values of
quenching rates with the observed curvature of the plot of Nr  versus
1 to find the value of the diffusion coefficient of resonance radiation,
Dr . As in the case of ion production, the slopes of the chords to the
curve are proportional to the net production inside that radius, so
that the change in slope is proportional to the quenching rate, / Zr .
From equation 47 it can be seen that
A Zr = 47TD r * (change in slope) (50)
Dr may be calculated from the known change in slope and the value of
,1Zr calculated from
6Z r = KqNrN e * (volume) (51)
In Table 6 the diffusion coefficient is calculated by this means from
the change in slope at various positions in the tube for three pressures.
The tube current is always 0.5 amp. As is pointed out above, there
is sign of photon production in the volume at the lower pressures near
the center, so data for these positions is not considered.
Table 6. Calculated Values of
76
the Radiation Diffusion Coefficient, Dr
Position
Pressure
4 - 6 cm.
6-8
8 - 10
10 - 12
12 - 16
Pressure
6-8
8 - 10
10 - 12
12 - 16
Change in Slope
= 0.5 mm
4.5.108 cm"4
4.5.108
3.0.108
2.0*108
3.0.108
= 0.23 mm
6.0108
20*108
2.0 108
2.0*10
Pressure = 0.08 mm
10 - 12 9.00108
12 - 16 2.0"108
Zr (Calculated)
4.8*1015 sec-1
4.4.1015
3.6.1015
4.0 10,15
.- 15l
Loil
4. 4. 1015
4. 0*10 15
3.2.1015
6.9*1015
6.0.10.15
7.2. 1015
Dr
8.5-105 cm2/sec.
7.8105
9.6.105
1.31.106
1.06 106
5.9.105
6.4.105
1.27*104
1.90.106
5.3.105
2.9.106
The average value of Dr from all the calculated values is
1.16106 cm2/sec. From equation 41 a value for K may be calculated
using this value of Dr . It is 1.43 cm-1 . Using the value of Ko ,
Ko = 1.35-10-13 Na (52)
taken from Hitchell and Zemansky,15 the ratio of may be calculated
from equation 45. Na is the density of mercury atoms which we take to
be 3..1013 /cm3 (assuming a vapor pressure of one micron). The ratio
A /udn is then 0.29. This means that under the constant absorption
approximation frequencies which vary about three times the Doppler
width must be considered to contribute significantly to the diffusing
radiation. Obviously the situation is vastly more complicated than
this, but the reasonable magnitude of this frequency spread lends
confidence to the estimates of excited atom density and quenching rates.
The maximum values of the slopes of the chords can be used to
estimate the total rate of photon production at the three pressures.
These production rates are listed in Table 7 for several tube current
levels at the three pressures. These show that the photon production
rate varies in the same manner as the ion production rate shown in
Table h with variations of pressure and current. The two rates appear
to be of the same order of magnitude, which is not unreasonable.
Table 7. Total Production of 2537 R Photons
Total Production Rate, Z. sec -1
Tube Current 1.0 amp. 0.5 amp. 0.25 amp.
Pressure
0.5 mm 7.7*1016 h.6o101 6  2.9*1016
0.23 mm 1.05"1017 6.h.101 6  3.-l101 6
0.08 mm 1.9.1017 12.21017
These estimates of loss rates are subject to the same computational
errors as in the graphical estimates of recombination rates. The ultra-
violet flux measured by the phosphor has several sources of error which
are discussed above. In addition the interpretation of brightness in
terms of excited atom density depends on a number of assumptions, which
are given some support in the analysis, but can not be said to be
absolutely unquestionable. Therefore these estimates are supported
more by the degree to which they conform to reasonable expectations
and cross checks than by confidence in the measurements alone. This
support, while open to some doubts, tends to let one accept the
estimated rates and densities to at least an order of magnitude.
Discussion of Energy Balance
In the assumed model of the discharge the energy from the external
power supply is fed into the electron gas at the center, and is
transferred to the outer reaches by various processes. Because of
their lightness relative to the ions, the electrons receive the majority
of the energy from the electric field around the cathode. In addition
the ions lose a large fraction of their energy in each collision with
a neutral atom, and are essentially at the gas temperature throughout
the tube. For this reason it is the energy and the energy transfer
mechanisms of the electrons which is of interest in this case.
Although most of the interpretive effort is devoted to explaining
the electron energy balance in the regions far from the source of
energy, it is of interest to look at the total energy balance of the
tube. The electrons, which take the lion's share of the electrical
energy input, lose it by excitation of mercury atoms,which then emit
photons, ionization of mercury atoms, and elastic collisions with
helium and mercury atoms. These processes are most important in the
region of the cathode glow where exact estimates of their magnitudes
is difficult. However, from the estimates of the total ionization rate
and the total 2537 radiation loss rate to the outer regions the
energy losses due to these processes may be calculated. The remainder
of the energy presumably goes into elastic collisions, losses at
the electrodes, and other radiation. The energy loss for each
ionization is about10.5 electron volts. The loss per creation of a
2537 photon is about h.9 electron volts. The losses for each of
these processes is collected in Table 8 for the three pressures and
three current levels studied.
Table 8. Total Ionization and Ultraviolet Radiation Losses
Radiation Loss w. Ionization Loss w.
Current (amps.) 1.0 005 0.25 1.0 0,5 0.25
Pressure
0.5 mm .06 . .02 .12 .08 .06
0.23 mm 
.08 .05 .03 .25 .16 .09
0,08 mm .15 .09 .91 .52
The losses increase with decreasing pressure which is a manifestation
of the fact that the ion diffusion losses to the wall are greater at
lower pressures and thus more ion production is necessary to provide
sufficient densities. On the other hand, the power input increases
slightly with pressure and is somewhat less than 10 watts. This
indicates that these losses are small compared to the total losses.
The losses in the outer regions, where the electron temperature
and density may be determined with some accuracy, may be calculated
from known values of electron collision and excitation cross sections.
In order that the energy balance of these regions be discussed, the
energy losses of the electrons to various mechanisms is calculated below.
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Only the energy losses of the thermal group of electrons is considered
at first because they comprise the great majority of electrons.
The electrons can lose energy by colliding inelastically with
an atom and exciting it from ground to an upper state or from an upper
state to still higher, or ionized, states. Spectral observation
supports the supposition that the helium atoms are not excited by the
electrons, so we may limit the discussion to excitations of the mercury
atoms. All the inelastic collisions require a minimum electron energy
to occur, so it is obvious that they will become more important relative
to elastic collisions when the electron temperature is higher.
Therefore in the discussion of all these processes a temperature of
4,0000 K is used. This is the temperature of the hottest electrons
considered.
As in calculating the quenching rate, a parameter, Kt , may be
determined which gives the excitation rate of the three triplet states
from ground when multiplied by the densities of electrons and mercury
atoms. In general this parameter must be obtained by numerically
integrating the equation
o
I 2KTe -E
Kt = 2 7 Qt(E ) e d E
7T Me t (53)
eV
KTe
Qt(E ) is the excitation cross section of the three states taken
together as a function of E . E t is the value of E at the lowest
value of V for which excitation can occur. eV is the energy of the
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electrons. The value of V used in 1 t is 4 volts, which is lower
than the actual value and therefore provides a faster rate of
excitation. The approximate value of Kt gained by roughly integrating
equation 53 is 410-20 m3/sec. The rate of excitation per electron
is obtained by multiplying Kt by the density of mercury atoms with
a pressure of one micron -- 3.5*1019 atoms/m3 -- to give a rate of 1.4
transitions per second per electron. This value times the average
energy lost per transition, 5 electron volts, is approximately
1.2*10-18 watts per electron. The excitation rate of the 61pl level
should be less than this because of its higher energy.
Once the triplet levels are excited, the atom can be further
excited by electrons to higher levels. The cross sections for these
processes are poorly known, so in calculating these rates a constant
value equal to the maximum expected cross section is used. These
cross sections are to be found in Kenty's analysis of the flourescent
lamp discharge. 9 Instead of numerically integrating to find a
parameter, K , and multiplying by the density of triplet states, a
simpler approach is used for the excitation rate per electron. The
average velocity of the electrons is multiplied by the density of
atoms in the triplet states and by the total cross section for excitation
to the higher states. Using a velocity of 3. *105 m/sec., a density
of 1015 triplet states/m3 , and a cross section of 8*10- 20 M2 , the
excitation rate is 2.8 transitions per second per electron. If the
average energy loss is 2.4 electron volts per transition, this results
in a loss of 1.1.10-18 watts per electron to excitation of higher states
from the triplet states.
As is pointed out in the discussion of diffusion of ions, the
ionization rate due to thermal electrons is vanishingly small. Since
the most probable ionization process is ionization from the triplet
states, and that requires electrons of 5.6 volts, it is obvious that
the energy loss to ionization is completely negligible compared to
losses to excitation of the states just above the triplet states.
All of these estimates are crude in the extreme. However, the
approximations always err on the side of greater energy losses and
are calculated for conditions where these losses achieve maximum
importance. It is therefore unlikely that inelastic losses can be
responsible for loss rates greater than 10-17 watts per electron. These
are shown to be negligible compared to elastic collision losses.
The calculation of the energy losses due to elastic collisions
with atoms must be more precise because these account for essentially
all the energy losses to electrons in the outer regions of the tube.
The elastic loss rate of thermal electrons in helium gas is calculated
as a function of electron temperature and gas pressure in Appendix I.
Losses by elastic collision with mercury atoms are not important because
of the relatively small number of atoms. Also their mass is so much
larger than the mass of helium that the electrons lose much less
energy per collision. Using the values of energy loss per electron
in Appendix I and the density of electrons, values of the energy loss
per unit volume are computed and tabulated for various positions,
pressures and tube currents. In Table 9 the energy loss per unit
volume is tabulated as a function of position for the three pressures
at a tube current of one half amp.
Table 9. Energy Loss Rate at a Tube Current of 0.5 Amp.
Loss Rate Watts/m3
P = 0.5 mm.
172.0
62.0
22.0
8.14
1.9
P =: 0.23 rm.
97.0
38.0
15.0
5.3
1.4
P = 0.08 mm.
43.0
23.5
11.0
5.5
1.75
The loss rate is tabulated as a function of tube current for three
pressures and various positions in Table 10.
Table 10. Energy Loss Rate for Various Currents, Positions and Pressures
Loss Rate Watts/m 3
Current 1.0 amp.
Position
0.5 amp. 0.25 amp.
Pressure = 0.5 mm.
4 cm.
8
16
2.6.103
45o
76
930
172
22
2140
56
3.3
Pressure = 0.23 mm.
4 cm.
8
770
270
280
97
96
30
6.6
Pressure = .08 mm.
8 cm. 108
30
13
14
2.5
43
11
5.5
To aid in the discussion of energy transfer, the energy loss beyond
a certain radius is tabulated as a function of radius and pressure for
Position
8 cm.
12
16
20
24
a tube current of one half amp. in Table 11.
Rad
8
12
16
20
Table 11. Total Energy Loss Beyond a Certain Radius
at 0.5 Ampere Tube Current
Total Loss
lius P = 0.5 mm. P = 0.23 mm. P = 0.08 m
cm. 1.38 watts .82 watts .57 watt
.76 .49 .39
.36 .23 .22
.13 .08 .09
m.
s
These losses are quite small compared to the losses in the center,
yet a source of energy is required to balance them. If, as is supposed,
the electrical power is fed into the plasma only at the center, some
transfer process is necessary to carry the energy from the hot electrons
of the center to the cooler electrons of the outer regions. It is
this problem which is discussed in the remainder of the section.
First let us dispense with the possibility that electrical
energy is delivered directly to the outer plasma. The static electric
field measured by the probes in these regions is less than one volt/m.
The power input per unit volume, PE , is given by
PE = E 2  (54)
E is the static electric field and o0 is the electrical conductivity.
The conductivity is given by
e = Nee Ke (55)
e is the electronic charge, and e is the electron mobility. The
mobility is
Pe - (56)
Me e
Ais the mean free path of the electron. We is the average velocity
of the electron. (In this case, as in the calculation of elastic col-
lision losses and other processes involving the thermal group of electrons,
the electrons are assumed to have a mean free path between collisions
which is independent of velocity. See Appendix I.) The product, e Je ,
equals2.hl10-17 at 0.5 mm., 5.3*10- 17 at 0.23 mm., and 1.5*10-16 at
0.08 mm. if We is taken to be 4.5.105 m/sec. Using these values and
a field of one volt per meter, a maximum of 10 watts of electrical
energy/m3 is likely to be dissipated. This is less than the calculated
losses. Actually the field is probably less than this, but the diffi-
culties in measuring the small potential differences involved do not
allow a more precise estimate.
The most obvious form of energy transfer from the hot center electrons
to the cool outer electrons is classicalthermal conductivity. That
is, the process whereby the random flux of electrons back and forth over
a boundary carries a net flux of kinetic energy from the hot side of the
boundary to the cool side. This is additional to the energy carried by
the net flux of particles which is the difference between the two random
fluxes over the boundary.
The energy carried by the net flow of electrons is negligible because
the net flow is so impeded by the condition that charge neturality be
maintained that it is much smaller than the random flux. In fact in this
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case the net flux of electrons takes energy from the electrons as they
diffuse because they diffuse against a retarding field. The energy lost
is used to accelerate the ions which in turn dissipate it by collisions
with the neutral gas atoms. These losses are negligible since the total
potential difference between center and wall is of the order of a
volt and the total diffusion current is of the order of 1016 - 1017
electrons/sec. Thus the total losses are less than 0.01 watt.
The calculation of the thermal conductivity of an electron gas
where the mean free path of the electron is limited by collisions with
neutral atoms is carried out in Kittel's Elementary Statistical Physics.
This model has been chosen for this discussion rather than using thermal
conductivities calculated by Spitzeril for fully ionized gases because
the estimated scattering due to Coulomb forces is less than that by
neutral atoms. Delcroix, on page 128 of Introduction to the Theory of
Ionized Gases, 2 estimates the ion density at which the neutral atom
scattering ceases to dominate. For the conditions in this discharge
the ion density would have to be 1018 ions/m 3 or more.
The actual derivation of the thermal conductivity in the presence
of gradients of electron temperature, electron density and electric
potential is carried out in Appendix II. This follows Kittel's procedure
except that the collision integral is based on the constant mean free
path approximation rather than the constant collision frequency model.
The formula derived for the heat flux, H , is
hK 2  1 dTe
H - NeTe2 d-- (57)
3V2flM e dr
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The energy flow across certain radii is calculated by equation 57
for the values of electron temperature, electron density, and gas
pressure pertaining. The values so obtained are collected in Table 12
for the three pressures and several radii. In addition the total
wattage over the spherical surface at each radius is presented.
Table 12. The Calculated Heat Conduction at Various Radii
P = .5 mm. P = . 2 3 mm. P = .08 mm.
H HA H HA H HA
Radius
8 cm. 1.77 w/m2  .14 w 2.97 w/m2  .24 w 5.70 w/m2  .46 w
12 .58 .11 1.54 .28 2.79 .51
16 .14 .04 .4o .13 .73 .23
20 .04 .02 .11 .05 .26 .13
Comparison with Table 11, which shows the total loss beyond each radius,
brings out the fact that the heat conduction is inadequate to account
for the energy lost except in the case of the lowest pressure. Further-
more, the total heat flow at 12 cm. is apparently greater than the flow
at 8 cm. in the two higher pressures. This indicates that there is
a local source of thermal energy in the outer parts of the tube that
supplies some of the energy lost by the electrons and even leads to a
positive divergence of the heat flow in certain regions.
Just what this source of energy can be is in some doubt. Having
eliminated direct electric heating, it is appropriate to consider
next the mysterious hot electrons which are observed. These electrons
must interact with the more numerous thermal electrons and give some of
their energy to them. Indeed, the very presence of a non-thermal
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distribution of energies implies a source of energy. Although values
for the density of non-thermal electrons are not quoted for all positions
and conditions in the tube, there is evidence for their presence in
every case, It is reasonable to assume that the cause of at least the
one volt group is present under all conditions even though the group
is somewhat masked by other groups.
To see what sort of energy transfer is expected between the non-
thermal groups and the thermal electrons, the interactions of these
groups must be estimated. The high energy electrons will lose energy
by colliding elastically and inelastically with atoms and by interacting
with slower electrons. Only the interactions with the thermal electrons
and elastic collisions with helium atoms are considered here.
The rate, R,,p at which high energy electrons transfer energy to
the thermal electrons is roughly
fENHeVH
t E
NH is the density of high energy electrons and eVH is their energy.
t E is the time required for a high energy electron to lose its energy.
fE is the fraction to its energy which is given to the thermal electrons.
The time, t E , that is used in the calculations is Spitzer's energy
exchange time. This is defined as the time required for an electron of
a particular energy to become assimilated into a group of electrons of
somewhat lower average energy. Originally the concept was introduced by
Chandrasekhar to deal with problems of interacting astronomical bodies.
Spitzer has adapted it to problems of plasmas in Physics of zy Ionized
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Gases, page 76 ff.17 The calculation of tE is outlined in Appendix
III,
While the electron is being slowed by interactions with the- thermal
electrons it also collides with atoms and loses energy to them. Thus only
a fraction of its original energy, f, , is given to the thermal electrons.
A crude estimate of this fraction is obtained by calculating the amount
of energy lost by an electron to elastic collisions in the time interval
required for it to be absorbed into the thermal group. For electrons of
energy greater than one volt, the collision frequency, , is a
constant in helium. The energy loss rate is the energy loss per collision
times the collision frequency as shown in equation 59.
dE 2M
V- = - pc eE (59)
dt Ma
E is the electron energy and M is the mass of the atom. This can be
a
solved for the fraction of the original energy, Eo , remaining to an
electron after a certain time interval, t .
E 2Me
-- = exp - cc --- (60)
EB M
When tE is substituted for t in equation 60, E_ is an estimate
Eo
of fE
As an example the fraction of the energy of a four volt electron
that is given to the thermal electrons is calculated for a case in which
the interaction is stronger than average. For an electron temperature of
2,0000 K and a density of 2-1010/cm3 the energy exchange time of a 4
volt electron is 7.510-  sec. When this value is substituted into
equation 60, the fraction fE is found to be about 2% when the gas
pressure is 0.08 mm. and much lower for the higher pressures.
Obviously this model is not very realistic since the electron-electron
interaction increases rapidly with decreasing electron energy, and the
electron will interact more strongly with the other electrons as it
is slowed by elastic collisions. However, the rate of exchange does
not become large enough to be significant until the electron energy
is about one volt, and this estimate does show that the higher energy
of the first group of suprathermal electrons does not balance the fact
that they are inferior in number to the one volt group. For this reason
the energy input of the one volt electrons to the thermal electrons
is deemed much more important than that of the higher energy electrons.
Because these one volt electrons dominate the energy exchange, the
emphasis is placed on calculating the expected input from them in
Appendix III. The electron's share, fE , is estimated as a function
of tE by the method used above, except that the collision frequency
is proportional to the electron velocity. This is a better approximation
for electron energies less than one volt. These results, combined with
the values of the densities of one volt electrons, are used in equation
58 to calculate the energy transfer from the one volt electron group
to the thermal electrons. The calculations are carried out for several
positions, pressures, and tube current levels, wherever the determination
of the density of the one volt electrons is feasible. The results are
shown in Table 13, which also has values of the computed elastic collision
loss rates for comparison.
Table 13. Energy Input from the One Volt Electrons
Compared to Elastic Collision Losses
1.0 amp. 0.5 amp. 0.25 amp.
Input Loss Input Loss Input Loss
Position
cm. watts/m3 watts/m3 watts/m3
Pressure = 0.5 mm.
8 9
12
16 1
20
24
Pressure = 0.23 mm.
89
42
45o
76
360
148
56
9.6
0.0
172
62
22
8.4
1.9
23
2.5
56
3.3
280 106
300
95
0o
lL
0.2
79
38
15
5.3
1.4
18 30
14 6.6
The energy input of the one volt electrons is seen to more than
compensate for the elastic losses. To bring these processes together
for comparison the energy balance is summed for several regions of the
tube at two pressures and a current of 0.5 amp. in Table 14. In this
table the total energy deposited in each spherical shell by heat con-
duction is subtracted from the total elastic losses in the volume to
find the net deficit which must be supplied from some other source.
This deficit is divided into the calculated energy input from the one
volt electrons to find the ratio of the calculated input to the
apparent input.
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Table 14. Energy Budget of Selected Shells at 0.5 Ampere Tube Current
Diver- Calculated
Region gence Loss Deficit Gain Ratio
Pressure = 0.5 mm.
8-12 cm -.03 w -.62 w .59 w 1.3 w 2.2
12-16 -. 07 -. 4o .33 1.0 3.0
16-20 -.02 -.23 .21 ..53 2.5
20-24 -.02 -.13 .11 .12 1.1
Pressure = .23 mm
8-12 +.Oh -. 34 .38 1.3 3.4
12-16 -.15 -.26 .11 .75 6.8
16-20 -. 08 -. 15 .07 .42 6.0
20-2 -.o05 -.08 .03 .16 5.3
The most striking feature of this energy budget is that the ratios
are more or less the same for the various positions at each pressure,
but are different for the two pressures. Since the energy exchange time
varies widely with the electron temperature and density and therefore
with position in the tube, one is tempted to say that predicted values
of the exchange time are reasonably consistent with observations at each
pressure, relatively if not absolutely. On the other hand, because of
the difference between the cases of the two pressures, there is indication
that the errors in gas pressure, which affect both the total energy loss
rate and electron's share, are more serious sources of discrepancy than
those of the exchange time.
Actually, to expect better agreement a much more sophisticated
treatment of the whole process of the energy input is required. Not only
is the simple energy sharing model crude, but the whole concept of an
energy exchange time is rather vaguely defined. To carry out a more
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exact treatment of the slowing of the hot electrons in this case would
require a considerable amount of work. The uncertainties of the actual
energy balance, the parameters involved, or even the mechanism responsible
for the existence of the hot electrons make such an effort out of place
at this time.
Nevertheless, it is possible to say that a source of energy in
addition to heat conduction is required to maintain the observed electron
temperatures in the outer regions of the tube. This source seems to
feed its energy to the thermal electrons by producing one volt electrons
which give a fraction of the energy to the thermal electrons. But,
what is the source of energy? There is no satisfactory answer at this
time although in following paragraphs a number of mechanisms are discussed.
It is assumed that these one volt electrons are created in the region
in which they are observed and are also assimilated in this region. That
they do not diffuse from the center where a strongly non-thermal energy
distribution occurs is shown by the following arguments.
An electron created at the center with some energy, Eo , diffuses
to the outer regions as the result of a series of collisions. By the
principle of random walk the average number of collisions required to
reach a given radius may be calculated. The electron loses a fraction
of its energy on each elastic collision (inelastic collisions are ignored
although they are important as energy losses for the electrons of higher
energies). The number of collisions, Nc , required to reach radius, r , is
r2
N -- (61)c 2
X is the mean free path of the electron. The energy loss per collision
is used to find an equation similar to equation 59. The fraction of
the original energy that remains after diffusing a distance, r , is
given by
E 2 Me r 2 )
S= exp (62)
Eo Ma 2
At a helium pressure of 0.5 mm. an electron has about 0.2 of its
original energy after diffusing 8 cm. and 0.002 of its energy after
diffusing 16 cm. When the pressure is 0.23 mm., 0.73 remains after
8 cm. and 0.28 after 16 cm.
From this, it seems clear that the one volt group, which is always
just about one volt, cannot diffuse far and still maintain its identity.
The energy distribution of the higher energy electrons changes markedly
with distance from the center, and it seems likely that some of these
are coming directly from the cathode, especially in the inner regions.
However, the one volt group which is of immediate interest is apparently
produced where it is observed.
A seemingly attractive candidate for a local energy source is the
energy gained by electrons as they quench excited atoms. This degrades
energy, transported as resonance radiation, to thermal motions of the
electrons. The calculated values of the total quenching rates shown
in Table 6 for a spherical shell 4 cm.thick is less than 1016/sec. The
energy input of this quench rate is
Energy Input = eVrZ r (63)
eVr = 8*10- 1 9 joules, the energy gained per quenching; / Zr  is the
quenching rate in the volume. This implies that the energy input is
8*10 - 3 watts in a volume where the energy gain needed is of the order
of 50 times that. (See Table 14.) Admittedly this data is subject to
argument, but the absolute ultraviolet energy flux to the phosphor is on
much stronger ground. This flux is that which flows into a void when
the observed photon density is ambient. That is, the wattage to the
probe is the maximum energy that can be delivered across a boundary
by radiative transfer. Thus if an absorbing wall were present 8 cm.
from the center and the photon density could be maintained at the
measured level, 2 watts/m 2 or 0.16 watts in toto would be transferred
to the wall. Even if this energy were entirely absorbed in the volume
of the gas, it would be insufficient to explain the necessary energy
input.
But while it seems unlikely that the diffusion and quenching of
resonance radiation can supply the required energy the need remains for
a mechanism which can create a group of one volt electrons locally.
This process must heat the electrons by selecting a few and raising
their energies to one volt rather than by some effect (such as low
frequency electric fields) which works equally effectively on all
electrons. Plasma oscillations and waves are often invoked to explain
phenomena which defy ordinary analysis. Although the simple observations
showed no evidence of such waves, it is interesting to see that under
some circumstances they might lead to just the effects which are seen.
The variety of wave motions which may be expected in plasmas are
discussed in books by Francis 6 and Denisse and Delcroix.3 These provide
a thorough discussion of the problem, and only a few details are
presented here. The particular group of waves which is of interest
is that of the longitudinal electron waves. In these the electrons
oscillate about fixed ions and the restoring forces are electrostatic.
The frequency is the so-called plasma frequency which is usually
about 109 cycles/sec. If such waves are propagating through a plasma,
they are subject to various damping mechanisms. One of these is
collisionless, or Landau, damping. This type of damping dissipates
the wave energy by accelerating a few electrons to a fixed velocity
and is therefore a possible source of high energy electrons in our
apparatus.
When a longitudinal electrostatic wave is moving through a plasma
the electrons feel a succession of alternately reversing accelerations
from the passing peaks and valleys of electric potential. If the
frequency of these is greater than the collision frequency of the
electrons, these do not raise the average electron energy. However,
there is a group of electrons whose velocity is approximately that
of the travelling wave. These electrons will find themselves trapped
in a potential valley of the moving wave if their kinetic energy in a
coordinate system moving with the phase velocity of the wave is less
than the depth of the potential well. They will oscillate inside the
well with a net volocity equal to the velocity of the wave. This implies
that the velocity of some of the electrons is increased by trapping and
the velocity of others is decreased. When the number of electrons with
a given velocity decreases with increasing velocity as in a Maxwellian
distribution, the net effect is to accelerate electrons at the expense
of wave energy. Conversely, if some distribution is encountered in
which the number increases with increasing velocity, the wave can
extract energy from the electrons and be amplified.
Thus we have the interesting situation that if a wave of this type
is being dissipated in the plasma, a group of electrons of velocity
approximately equal to the phase velocity of the wave should be present.
On the other hand, the presence of a large group of monoenergetic
electrons provides one of the conditions for propagation of these
waves. Conceivably one or both of these could be in effect in this
experiment. The generation of waves is thought to be associated with
a beam of electrons such as is found in the cathode accelerating region.
If some agency provides the non-Maxwellian velocity distribution, con-
ditions are ripe for the propagation and amplification of the waves.
If the waves are being damped, this will manifest itself by the presence
of monenergetic electrons.
The theory of these waves allows an endless variety of types and
frequencies, but a few of the main characteristics may be pointed out.
Almost all waves that have been observed have frequencies near the plasma
frequency, p .
Ne
p -- (64)
When Ne is the number of electrons/m3 the frequency is
Vp = 8.98:L03 - (65)
For the densities encountered in this experiment this is in the range of
one or two kilomegacycles. No oscillations of these frequencies are
observed. However, before discarding them the wavelength must be
considered.
The wavelength when the wave has a frequency near the plasma
frequency and a phase velocity equal to the velocity of a one volt
electron may be computed from the dispersion relation found on page
47 of Theorie des Ondes dans les Plasmas by Denisse and Delcroix.3
W = W e 1 + (66)
p Le
W is the phase velocity, and We is the thermal velocity of the
p e
electrons. L is the wavelength. Le is a critical wavelength (Le = Xe
in the reference quoted) which is 10.9 times the Debye Length, LD .
The Debye Length is determined by the density and temperature of the
electrons.
KT 2 TKTe (Te 2
LD= 4 Nee = 6.9 cm. (67)
Ne is the electron density/cm3 . The Debye Length is of the order of
2*10- 3 cm. so the critical wavelength is of the order of 2-10-2 cm.
If the velocity of the one volt electrons is taken to be twice the average
thermal volocity, equation 66 may be solved for the length, L , of the
wave. This indicates that L is about 0.04 cm.
This is somewhat smaller than the dimensions of the probe which
is used as the antenna in the plasma. Therefore one would not expect
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the signal to be picked up in the plasma itself by the detection system
used. Whether these waves could be expected to radiate electromagnetic
energy at the walls of the chamber is notknown. In any case no sign
of such disturbances is seen. Although no waves are directly observed,
they cannot be definitely excluded.
On the basis of calculated rates of energy loss and heat conduction
a need for an additional means of transferring energy to the outer regions
of the tube has arisen. It is necessary to estimate the likely limits
of error to judge the value of this evidence. These rates depend on
the temperature and density distributions of the electrons in the vessel
and the gas pressure. If the gas pressure is 20% less than the measured
value, the heat conduction will be 20% greater, and the heat losses 20%
less. The conduction of heat increases with the square root of the
temperature and the losses increase proportional to the 3/2 power of
temperature, so the energy discrepancy is directly proportional to the
temperature which is probably accurate to 20%. The losses and the
conductivity are both directly proportional to the density of electrons
so these errors approximately cancel and do not affect the argument
appreciably. Even though the estimates of heat conduction involve these
and the additional errors inherent in calculating the temperature gradients,
it does not seem likely that the discrepancy between conducted heat and
heat losses is ascribable to errors in the calculations.
In addition, the presence of the one volt electrons which are
produced locally requires a local energy source. Although the actual
magnitude of the energy input rate is dubious simple estimates show it
to be adequate to supply the needed energy. Whether the means of energy
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transfer which manifests itself in these non-thermal electrons involves
some sort of wave effects or an as yet unrevealed mechanism cannot be
stated.
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V. CONCLUSIONS
In the introduction a procedure for studying plasmas under unusual
circumstances is outlined. Through the development of the thesis a
detailed description of the first steps in such a process is presented.
Now is the time to summarize these, decide what they may have shown,
and look ahead to further steps that are indicated by the results.
The first step is to discover what sort of a plasma is generated
in an environment where the walls are far from the point of production
of the plasma. One answer to this question is that a point source of
plasma is potentially useful in other applications now that its gross
characteristics are known. When the source is placed at the center of
a spherical vessel a convenient means to study the transport processes
which carry the radiation, particles, and energy from the source to the
walls results. The analytic tools developed to study these processes
and the understanding of them in this simplest of geometries are the
logical first steps toward understanding them in the more complex forms
found in nature. Insofar as these processes are understood, the
foundation is laid for an advance toward more elaborate experiments.
Where mysteries remain they must be resolved before adding confusing
additional factors. The analysis of the transport processes which are
present in the plasma is the primary purpose of the thesis, and the
results of this investigation are briefly reviewed in the following
paragraphs.
Since the charged particles are generated in a limited volume of
the apparatus, the opportunity arises to study ambipolar diffusion under
circumstances which are seldom met in the laboratory. Instead of
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diffusion to nearby walls through a volume in which considerable
production occurs, the particles may be observed diffusing over
considerable distances in which no production occurs. The analysis
of this process is the most successful of the three considered. It
presents no features which are inexplicable by conventional theory.
The equation of ambipolar diffusion not only predicts the distribution
of temperature and density, but the expected electric fields involved
are also verified by the potential measurements. Where signs of ion
production or loss are found in the data, they are explainable in
terms of known mechanisms (i.e., high energy electron ionization and
radiative recombination).
The ease with which the diffusion of particles is understood
makes application of these techniques to more involved problems
feasible. For example, magnetic fields may be incorporated into the
scheme to examine what new difficulties those present. On the other
hand, the apparatus reveals itself as a tool for the study of re-
combination under conditions entirely different from those usually
encountered in such determinations.
Recombination may be observed in steady state conditions which are
more flexible than those usually used. The assumptions as to particle
distributions, etc., which characterize time dependent studies may be
completely eliminated. While these conventional techniques have been
fairly successful in determining recombination coefficients, the
opportunity for determinations under a different set of conditions should
not be ignored. To make the apparatus a useful tool for such studies,
the electrodes must be modified so as to form an ideal plasma source
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under a wider variety of conditions. The probe structure must be made
so that more accurate knowledge of its position is possible.
Of the two remaining transport phenomena, the energy transfer may
be said to be the more firmly established. Even though it presents an
unexplained situation, the factors involved are better known than those
of the diffusion of resonance radiation. Although the various contri-
butions to the energy balance of the outer regions of the plasma are
not pinpointed with exceptional precision, it is clear than an energy
deficit is present. Furthermore, the presence of some auxiliary source
of energy in these regions is revealed by the observation of suprathermal
electrons.
Before this intriguing problem can be fully resolved, progress
must be made in understanding the energy input rate which is implied
by these higher energy electrons. Then it is necessary to find the
source of this energy. Is the quantity or quality dependent on the
gases present? Or, is the mechanism a function of the form of the
discharge? These questions are approachable by varying the means of
generating the plasma and the gases involved.
The study of the diffusion of photons is the least thoroughly
investigated of the processes considered. This is because it is
relatively independent of the processes involving electrons and does
not seem to play an important part in explaining them. Also the
diffusion is theoretically complex. The effort required to form a more
precise theory and to develop the experimental tools to verify it is
greater than is warranted at this stage. The estimates of excited atom
density and radiative flux derived from the photometric measurement fit
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theoretical estimates of quenching and diffusion rates to a gratifying
degree. This supports some of the assumptions used in calculating these
parameters, and gives trustworthiness to the values sufficient for their
use in connection with the other phenomena.
However, the analysis of the diffusion of resonance radiation has
many unresolved questions. The investigation of these will lead to
experiments of a nature quite different from this experiment. For one
thing, there is no necessity for a plasma to be present at all. The
electrons only provide additional difficulties which confuse a situation
that is complex already.
Thus the first steps in understanding a plasma in a large volume
are taken. A means for generating the plasma is developed. Techniques
for investigating it are adapted and invented. An understanding of
some aspects of its character is obtained. In others difficulties
arise which in turn may bring forth altogether new processes. Even the
successes lead to work which has the promise of results useful to
geophysics, physics, and engineering.
APPENDIX I
The Elastic Collision Energy Loss Rate of Electrons in Helium
The energy loss rate of electrons by elastic collisions has been
derived by Kenty, Easely, and Barnes.10  This discussion is similar
to theirs.
An electron elastically colliding with an atom gives the atom an
average amount of energy, Z Ee *
2M E
2ME 1- a )E (68)
a e
Ea is the kinetic energy of the gas atom and Ee is the kinetic energy
of the electron. On the average
MeW e 2
E - and Ea = -KT a  (69)
2 2
We is the electron velocity. Ta is the gas temperature. Me and Ma
are the masses of the electron and the atom. Equation 68 is then
Me, e 2 /  3KTa
AEe -1 - (70)
Ma Me e2
The energy loss per electron/sec., RL , is equation 70 times the
collision rate.
RL = P W Ee (71)
Po is the gas pressure in mm. of mercury. Pc is the probability of
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collision.. If the electrons have a Maxwellian velocity distribution,
the loss rate is obtained by integrating equation 71 over the energy
distribution. If we set
MWS--le (72)
KTe
the integral of equation 71 may be written
2 M  p 3 T 1
RL " 2KTe o c  2 1 - - -- e - E d (73)
Ma 2Te
Generally Pc is an empirical function of velocity and this integral
must be solved numerically. This has been done for Argon.10 However,
in the case of interest here the temperature of electrons is so low
that practically none have an energy of an electron volt or more. The
collision probability in helium is nearly a constant for energies less
1
than one volt. Therefore the collision probability may be taken outside
the integral and the equation may be solved in terms of Gamma functions.
The result is
RL M (2KTe) PoPc 2 Ta (74)
a e
The energy loss is calculated by this equation for a pressure of one
mm. of mercury and is graphed as a function of electron temperature
in Figure 24.
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APPENDIX II
Heat Conduction in an Electron Gas
Kittell1 has calculated the thermal conductivity of the electron
gas by means of the Boltzmann transport equation. In this derivation,
which follows the substance of Kittel's, the electron's mean free path
is assumed to be constant and limited by collisions with atoms. This
is approximately correct for these electron densities, electron
temperatures, and helium pressures.
The distribution function of particle density and velocity is
denoted by f . The Boltzmann equation may be written in vector
coordinates as
SdtW )
+_ W ' f + - -7Vwf = - (75)
dt t collision
This states the fact that the time rate of change of the distribution
is the sum of the changes due to the drift velocity W times the
spatial gradient of the function, the acceleration, , times thedt
gradient of f in velocity space, and the effect of collision,
Scollision *
The collision term may be approximated by
8f f- fo
-- - (76)
t collision tc
This indicates that the distribution approaches some equilibrium function,
fo , exponentially with a characteristic time, tc . tc is the mean
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free time.
In this case we are interested in the steady state problem in
spherical symmetry, so equation 75 can be rewritten as
df dWr df f-fo
Wr- + - - . (77)
dr dt dWr  tc
Wr is the radial velocity component. The only force acting on the
electrons is due to an electric field, E . If the gradients and E
are small, the function, f , may be approximated by equation 78. This
ignores squares and cross products of the perturbation of the equilibrium
state.
eE df o  dfof = fo - tc Wr (78)
M dW dre r
The equilibrium function in this case is the Maxwellian distribution
given by
M M e We 2fo = Ne  -_K -  exp ----- (79)2 7TKTe KTe
We is the electron velocity.
Now
dfo dNe 3 dTe MW2 dTe
d = Ne  2 d W Ke dr 2 (80)
dr Ne 2 dr T. 2KTe2
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and
df0  df
e d
dW e r dh
MeW
KTe
where h = MeWe 2
The mean free time is
e
We
A is the mean free path of the electron.
These equations can be substituted in equation 78 to arrive at
%eEWrf = fo --- W
KT, We
Wr dNe 1 3 dTe 1
" o "" 2 "" +
We dr Ne 2 dr Te
h dTe 1
KTe2 dr
The energy per unit area transported over a boundary is obtained by
integrating equation 83 over all velocities.
H = WrhfdWe
I00
The integral
WrhfodWe = 0
-6b
because fo is an even function of W e
oo
SW2 h
--00 We
/-oo We
8Ne(KTe)
fodWe = "
3(2 Tre)a
(81)
(82)
(83)
(84)
(85)
(86)
Wr2 h 2  8Ne(KTe)f
fodWe = (87)
- We (27Me)
Using these integrals in equation 8h, the heat flux in the presence of
gradients of electron density and temperatures and electrical potential
is given by
8Ne \(KTe)2 KTe dNe 3 dTe
H eE - - K -- (88)
3(2 TIMe) Ne dr 2 dr
In this case it is assumed that the electric field is only the ambipolar
retarding field given by
K d Ne  dTe
E =---- Te -- + Ne-- (89)
eNe  dr dr
Since the charge is negative, equation 89 substituted in equation 88 gives
4NefKk Te2 dTeH = - --- (90)
3(27TMe)2 dr
This is the heat flux expected when the condition that no net particle
flux be allowed is applied. This circumstance is approximately the
case when the electron diffusion is limited to the ambipolar rate. As
pointed out in Section IV, the energy transferred by the net particle
flux is negligible.
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APPENDIX III
The Energy Transfer Rate from the High Energy Electrons
In his book Physics of Fully Ionized Gases17 Spitzer discusses
the interactions of particles which are controlled by inverse square
law forces. This is derived from work by Chandrasekhar designed to
be used in analyzing the motions of astronomic bodies. Spitzer has
adapted it to a form which is convenient to treat the interactions of
electrons. In particular he derives an energy exchange time, tE ,
which is defined as the time required for a particle to experience a
change in energy equal to its original energy by interactions with a
field of other particles. In this case tE is the time required for
an electron with an energy somewhat greater than the thermal energy of
the field of electrons to be slowed to an energy comparable to theirs.
An approximate expression for tE which is useful if the energy
of the electron is not too much greater than the energy of the field
particles is
w3
tE G (91)
4ADG(LWe)
We is the velocity of the electron
kWe = e we (92)
2KT
e
and is the ratio of the electron's velocity to the average thermal
velocity of the field electrons. G(LW e) is tabulated on page 75 of
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Spitzer's book.
87Te Ne LnA
AD --- (93)
Me2
Ne is taken as the total number/cm3 since most of the electrons are in
the thermal group. A is the ratio of the Debye length to the impact
parameter of the interacting electrons, Values of Ln /\ are tabulated
on page 73 of The Physics of Fully Ionized Gases. In this case the
value is about 9.
The fraction, fE , of the energy which remains to an electron
after undergoing elastic collisions for a time equal to tE is taken
as the energy which is given to the electrons by the high energy electron.
This is rather crude because the rates at which the electron gives its
energy to the other electrons and to the atoms are both velocity
dependent.
In Section IV the means for calculating the fraction of the higher
energies that goes to the electrons is described, The collision frequency
is assumed to be constant. For electrons of one volt energy the fraction
is calculated on the basis of a constant mean path approximation. Since
these are more important to the energy balance, the method is described
here in detail.
As seen in equation 68 in Appendix I, the energy lost per collision,
LEe , is
2Me
A E e F -- E (94)
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when Ee is much greater than Ea , the gas energy. The collision
frequency, Vc is
w e  Be I
when the mean free path, \ , is a constant function of velocity.
The rate of energy change, z , is
dEe 2 Met - a Ee 2 (96)
combining equation 94 and 95. This is solvable in the form
dEe  2 \F2E = ----- dt (97)
Ee  as a function of t is
2 V'2 e. 2 - 2
Ee 4 -t - (98)
Eeo is the original energy. When tg is substituted in equation 98, the
amount of energy left is Ee La is then fE " When Eeo is one
so
volt, fE is calculated for various values of t E  at two pressures, and
graphed in Figure 25.
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